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1 . INTRODUCTION 
1 .I GENERAL 
This technical report encompasses the Phase I11 development work 
tha t  was performed under Contract NAS 8-21189. I t  represents the exten- 
sion to  the original program ent i t led  "Study to  Establish Criteria fo r  a 
Solar Cell Array fo r  Use as a Primary Power Source for  a Lunar-Based Water 
Electrolysis System" (References 1.1 and 1.2). The work was essent ial ly  
carried out in accordance w i t h  the approved Work Statements of References 
1.3 and 1.4 and the approved modifications outlined in References 1.5 and 
1.6. This report f u l f i l  l s the contractural requirement fo r  preparation of 
a Phase 111 - Final Technical Report and covers the period from 15 November 
1969 to 15 December 1970. 
This overall program was in i t i a t ed  on 1 July 1967. I t s  original 
purpose was to  generate parametric data for  large area solar arrays to  be 
used on the lunar surface. This work (Phase I )  was completed on 30 June 
1968 and reported in Reference 1 . I .  A follow-on e f fo r t  t o  th is  work con- 
s i  s Led of developing three prototype sol a r  cell  Engineering Test Model s 
(ETM). These three ETM's uti l ized various substrate materials ( f iberglass  
l a t t i c e ,  Kapton, and graphite composite) and a common, f l  at-l  aydown ce l l  - 
stack configuration. They represented different  degrees of technology 
refinement in the design of l arge area solar arrays and resul Led in  power- 
to-weight ra t ios  of 12 to  18 watts per pound, This work (Phase 11) was 
completed on 15 November 1969 and reported in Reference 1.2. 
During the envi ronmental tes t ing of these modules certain develop- 
ment problems relat ing to  the cel ls tack design were encountered, These 
consisted of ce l l  spa1 l ing, cell cracking, and cell  interconnect dis tor t ion.  
A cursory analysis and t e s t  evaluation of these fa i lure  modes was con- 
ducted and qua1 i t a l ive  solutions proposed and reported in Reference 1,2, 
However, in order to  establish a more comprehensive quantitative approach 
t o  these fa i lure  modes, a de ta i l ed  evaluation was required, For example, 
i t  was necessary Lo iden t iQ and exper imenta l ly  evaluate the m a t e r i a l s  
and precesses which were potential candidates f a r  cellstack use and corn- 
pare them against the lunar surface environmental requirements, Qnl y in 
t h i s  way caul d the more promi s i n g  materials and techniques be different iated 
Prom those which are unacceptable. Accordingly, a fellow-on e f f o r t  t o  t h i s  
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program was in i t ia ted ,  
During th i s  follow-on ac t iv i ty  (defined as Phase 111), additional 
development work was conducted. Emphasis was placed upon establishing 
the required physical character is t ics  of various adhesives which could 
make them promising candidates for  use in bonding s i l icon ce l l s  to  solar 
array modules for lunar surface missions. Modified versions of the three 
ETM's developed during Phase I1 of t h i s  program were used as the baseline 
substrate structures t o  accomplish the cellstack development work. 
1 .2 PROGRAM OBJECTIVES 
The overall objective of th i s  program phase was to  evaluate the 
adequacy of various candidate cell-to-substrate adhesive bond configura- 
t ions with respect to the lunar surface thermal environment. The main 
emphasis was placed upon evaluating the cel l  spa1 1 ing phenomenon which 
occurred during Phase I1 of th i s  program. In accomplishing t h i s  i t  was 
necessary to establ i sh the c r i t i ca l  parameters and material properties 
associated with bonding s i l icon c e l l s  t o  various substrate materials. 
Furthermore, the c r i t i ca l  adhesive material properties had to  be experi- 
mentally evaluated over a wide temperature range ( i  .e. + 130°C to  - 173OC). 
In addition, the candidate cell-to-substrate adhesive bond configurations 
were tested under the thermal-vacuum environmental conditions to  be en- 
countered on the lunar surface and an evaluation conducted to  determine 
the structural adequacy and material compatibility of each bonding tech- 
nique. Final ly  , the adhesive bond configurations were tested under the 
vibration and acceleration environments that  they would experience during 
the launch operations phase. This was done to  assure that  the selected 
candidate adhesive bonding technique would also be compatible with the 
original mission requirements. 
1.3 PROGRAM APPROACH 
The approach taken during th i s  program phase was to  establish the 
c r i t i ca l  material properties and bonding geometries that  m i g h t  possibly 
c o n t r i b u t e  t o  the c e l l  spalling phenomenon that occurred during the Phase 
I 1  thermal-vacuum test ing,  Thus, primary emphasis was placed upon estab- 
lishing an analytical model which could best predict t h i s  fa i lure  mode. 
I n  addition, a cellstack n~atrix was devised to permit experimental ver i f i -  
cation of th i s  fa i lure  mode over as wide a range of parameters and variables 
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t h a t  was g e r m i s s a b l e  w i t h i n  the scope of t h i s  program. Finally, i t  was 
necessary t o  canduct environmental tes ts  t o  confirm the va l id i t y  o f  the  
a n a l y t i c a l  model, the  adequacy o f  t he  adhesive bond geometry, and t o  a i d  
i n  s e l e c t i o n  o f  the  most des i rab le  candidate c e l l s t a c k  design. 
Three Engineering Test Models (ETM IA, IIA, and IIIA) were designed 
and fabr ica ted .  Each ETM u t i l i z e d  the  same c e l l s t a c k  m a t r i x  b u t  employed 
a d i f f e r e n t  subs t ra te  design. These subs t ra te  designs s imulated the  ma- 
t e r i a l s  and con f i gu ra t i ons  o f  the  th ree  ETM's developed du r ing  Phase I1 o f  
t h i s  program. This was done t o  determine the  e f f e c t  i f  any, o f  the  sub- 
s t r a t e  facesheet on the  c e l l  s p a l l i n g  problem. 
An ana lys i s  was made o f  the  t e s t  r e s u l t s .  F a i l u r e  modes, when 
they occurred were i d e n t i f i e d  and evaluated. Recommendations f o r  t he  
f i n a l  ce l  l s t a c k  design were made and the  technology readiness o f  these 
candidate ETM designs was assessed. Suggestions f o r  f u t u r e  development 
a c t i v i  t i e s  were a1 so provided. 

2. SUMMARY 
2.1 ENGINEERING TEST MODEL DESIGNS 
The main emphasis d u r i n g  t h i s  program phase was t o  eva lua te  t he  s p a l l -  
i n g  phenomenon which had occur red  d u r i n g  thermal-vacuum t e s t i n g  d u r i n g  
Phase I 1  (Reference 1.2). A  second o b j e c t i v e  was t o  des ign an improved 
c e l l s t a c k  i n t e r c o n n e c t  and sub-module bus-bar s i n c e  t h e  Phase I1  conf igu-  
r a t i o n  proved t o  be excess i ve l y  s e n s i t i v e  t o  s o l d e r  w i c k i n g  a c t i o n  and 
f a t i g u e .  A t h i r d  o b j e c t i v e  was t o  determine t h e  adequacy o f  t h e  c e l l - t o -  
subs t ra te  adhesive bond s t r e n g t h  w i t h  r ega rd  t o  bo th  s t r uc tu ra l / dynamic  
and thermal -vacuum loads.  F i n a l l y ,  an e v a l u a t i o n  o f  t h e  s t r u c t u r a l  i n -  
t e g r i  ty o f  t h e  o v e r a l l  cand ida te  s u b s t r a t e / c e l l  s  tack  c o n f i g u r a t i o n  was 
d e s i r e d  t o  assess t h e  c o m p a t i b i l i t y  o f  t h e  i n t e r a c t i o n s  between a l l  t h e  
a r r a y  modul e  components. 
The approach taken was t o  dev ise  an Engineer ing Tes t  Module (ETM) 
m a t r i x  (F i gu re  8.1)  which would p e r m i t  s imultaneous e v a l u a t i o n  o f  a  
v a r i e t y  o f  m a t e r i a l  p r o p e r t y  and geometr ic  parameters. I n  o r d e r  t o  ac -  
compl ish t h i s ,  t h e o r e t i c a l  analyses conducted d u r i n g  Phase I 1  (Reference 
I .  2 )  t oge the r  w i t h  a d d i t i o n a l  analyses conducted d u r i n g  t h i s  phase 
(Sec t i on  5 and Appendices A  and C )  were u t i l i z e d .  These analyses n o t  
o n l y  i d e n t i f i e d  t h e  c r i t i c a l  parameters assoc ia ted  w i t h  t h e  s p a l l i n g  
f a i l u r e  mode b u t  a l s o  e s t a b l i s h e d  t h e  d e s i r a b l e  range o f  va lues t o  be 
i n v e s t i g a t e d .  I n  a d d i t i o n ,  i t  a l s o  p rov ided  t h e  des ign c r i t e r i a  and de- 
s i g n  margins r e q u i r e d  f o r  s e l e c t i n g  and implement ing t h e  f i n a l  des igns 
f o r  t h e  ETM cand ida te  module c o n f i g u r a t i o n s .  
I n  a d d i t i o n  t o  t h e  fo rego ing ,  i t  was necessary t o  conduct a  module 
m a t e r i a l  p r o p e r t i e s  e v a l u a t i o n  program (Sec t i on  7 ) .  Th i s  was p a r t i c u l a r l y  
c r i t i c a l  i n  t he  case o f  t h e  s e l e c t i o n  o f  the  cand ida te  adhesives, s i n c e  
very  l i t t l e  low temperature ( t o  -173°C) da ta  was a v a i l a b l e .  Two t e s t  
da ta  ma t r i ces  were prepared (Tab les  7.7 and 7 . 2 ) .  The m a t e r i a l  p r o p e r t i e s  
e v a l u a t i o n  program cons i s ted  o f  conduc t ing  bo th  exper imenta l  t e s t s  and 
literat~re surveys t o  o b t a i c  the  necessary d a t a ,  The results o f  these 
a c t i v i t i e s  a re  p rov ided  i n  Sec t ion  7 o f  t h i s  r e p o r t .  
By u t i l i z i n g  bo th  t h e  a n a l y t i c a l  and exper imenta l  da ta  ob ta ined  
d u r i n g  t h i s  program, i t  was then p o s s i b l e  t o  a r r i v e  a t  t he  f i n a l  ETM module 
designs. The basic substrate designs were similar t o  the ETM I ,  & I ,  and 
EII candidate designs sf  Phase I E ,  However, in order to stay within the 
scope of th is  program phase, a smaller module s ize  (approximately 20 in. x 
20 in.  versus 30 in.  x 48 i n . )  was ut i l ized.  In addition, a pre-tensioned 
fiberglass diaphragm substrate was used in place of the pre-tensioned l a t t i c e  
construction used for  ETM I during Phase 11, However, identical substrate 
materials were used in a l l  three cases in order to  insure s imilar i ty  of ma- 
t e r i a l  properties. The three t e s t  modules designed and bu i l t  during th i s  
program phase were designated ETM IA, IIA, and IIIA respectively. A de- 
scription of these designs, as well as the solar cell  sub-module cellstack 
design which was common t o  a l l  three configurations, i s  provided in Section 
8. The design c r i t e r i a  ut i l ized in arriving a t  these three ETM's i s  dis-  
cussed a t  length in Sections 4 and 6 of th i s  report. 
The three ETM's were fabricated in accordance with the finalized de- 
signs (Figures 8.2, 8.3, and 8.4) .  Various views of the completed modules 
are shown in Section 9 (Figures 9.1 and 9.7). I n  addition, during the 
manufacturing operations , several compromises from the original design 
were found t o  be necessary. These are discussed in Section 9 also.  The 
most s ignif icant  of these was the necessity to  relax the tolerances to  
which the various adhesive dot diameters and thicknesses would be held. 
In addition, a t  the inception of th i s  program phase, a l l  s i l icon  ce l l s  
were to be 2 cm x 2 cm. However, a t  the request of NASA/MSFC, two sub- 
modules of 2 cm x 4 cm ce l l s  (1  in parallel direction and 5 in se r i e s )  
were incorporated in each ETM module. These were instal led only in the 
region where RTV 3145 adhesive was being ut i l ized with a nominal adhesive 
d o t  diameter of 0.50 inches. This was done to  evaluate the compatibility 
of these larger ce l l s  with the temperature extremes of the lunar surface 
envi ronment. 
2 . 2  ETM TEST EVALUATION 
The environmental tes t ing of the three ETM's was conducted in the 
Pac-i 1 =i t i e s  a t  NASA/MSFG w i t h  PRW Systems p a r t i c i p a t i n g ,  The t e s t s  were 
conducted i n  accordance w i t h  TRW Systems T e s t  P lan  No, 09689-6004-KO00 
(Reference 7,2) t o  comply with the t e s t  objectives as outlined in Section 
10.3 of th is  report ,  The t e s t  operations together with the documentation 
of the t e s t  data obtained are summarized in Section 10 .2 ,  However, only 
that  t e s t  data which was pertinent with respect to evaluation o f  the partic- 
ular s ignif icant  phenomena and fa i lu re  modes encountered were included in 
th i s  report. In addition t o  the anticipated s i l icon cell  spalling, t e s t  
evaluations were conducted regarding the structural integri ty  of the sub- 
s t r a t e s ,  the fatigue characteristics of the common interconnector, the 
adequacy of the sub-module bus bar solder joints ,  and the factors e f fec t -  
i ng the cell  -to-subs t r a t e  adhesive bond strength. These are reported in 
Section 10.3. In a l l  cases i t  was possible t o  draw meaningful qual i ta t ive 
assessments of the fa i lure  modes encountered. In the case of the s i l icon 
cell  spalling fa i lure  mode, i t  was additionally possible to  fur ther  quantify 
the s ignif icant  parameters affecting th i s  phenomenon. These were found 
t o  be adhesive modulus of e l a s t i c i ty  (E2), adhesive coefficient of l inear  
expansion ( a 2 ) ,  adhesive thickness ( t2) ,  a spa1 l ing parameter designated 
"E2 a p n ,  the ultimate tensi le  strength of the sil icon c e l l ,  the surface 
f inish of the s i l icon cell  bonding surface, and substrate coefficient of 
1 inear expansion. The degree to  which specific design c r i t e r i a  could be 
assigned t o  these various parameters was very much a function of the avail-  
a b i l i t y  of material property data a t  low temperatures. In addition, since 
most of these properties change s ignif icant ly with decreasing temperature, 
the quantity of material property data and the accuracy of th i s  data are 
very c r i t i ca l  in establishing adequate solar array adhesive design margins 
for  the lunar surface temperature extremes. 
An additional important factor,  which could only be qua1 i t a t ive ly  
assessed during th i s  program was the possible variation of the candidate 
adhesive materi a1 properties. Not only are materi a1 property variations 
from batch-to-batch suspected, b u t  also individual batch variations due 
t o  lack of homogeni ty  of these elastomers. Since the solar arrays on the 
lunar surface are subjected to such large temperature d i f fe rent ia l s ,  as 
well as long duration, low temperature conditions, the need for  improved 
adhesive manufacturing process control s and qua1 i dy control appears obvious. 
Undoubtedly, additional analyses and environmental testing would be 
desi rable  t o  further q u a n t i f y  and provide s t a t i  %t ica l  confirmation of' the 
adequacy of the design c r i t e r i a  recommended in this program phase, How- 
ever, i f  suff ic ient  design margins are  established and adequate quality 
control techniques are maintained during the material procurement and 
manufacturing phases, the recornendations made in this report regarding 
solar array module design for lunar surface applications should be suffi- 
cient to insure a high probability o f  meeting overall design requirements. 
3. CONCLUSIONS AND RECOMMENDATIONS 
3.1 CONCLUSIONS 
This phase of the lunar surface power system development program has 
resul ted in establishing the c r i t i ca l  design parameters associated with 
arriving a t  a sat isfactory cell -to-substrate adhesive bond to prevent 
s i l icon  cel l  spalling. This spalling phenomenon resul ts  primarily from 
the necessity f o r  the solar  array to  survive the extremely low temperature 
( to  -173OC) experienced during the long duration (14.75 Earth days) lunar 
night. This causes a l l  the solar array module materials t o  be subjected 
to a very 1 arge temperature different ial  ( i  .e. AT = 193°C for  TI = 2 0 ° C  
and Tp = -173OC). The variations in  the coefficients of expansion of the 
various materials used in the cellstack/substrate components are the 
prime s t ress  producing factors.  However, whether or not spa1 1 ing will 
occur i s  d i rec t ly  related to  the s t r e s s  level reached in the adhesive/ 
s i l icon cel l  bond region. This s t r e s s  level in turn, i s  determined pri-  
marily by the low temperature properties of the adhesive and s i l icon cell  
and the thickness of the adhesive dot. In addition, the coefficient of 
1 inear expansion of the substrate facesheet material can a1 so be a signi- 
f icant  factor.  All these properties vary considerably as a function of 
temperature for  the various solar array module components. Hence, the 
ra te  a t  which these material properties change as the temperature i s  re- 
duced also becomes an important consideration. This i s  due t o  the inter-  
action between these material properties and the i r  potential for inducing 
incipient fa i lures  which can ultimately resu l t  i n  excessive s t resses  and 
spa1 1 i ng a t  the extreme 1 ow temperatures i nvol ved . 
Another important factor i s  the limited amount of low temperature 
data available fo r  these materials, This i s  particularly c r i t i ca l  for  
t h e  typical adhesive bonding materials used (i . e ,  RTV 3145, RTV 511/577, 
RTV 998, PR 1538, e tc .  ), where order of magnitude changes i n  modulus o f  
e la s t i c i ty  and c o e f f i c i e n t  of l inear  expansion i n v a r i a b l y  occur in g o i n g  
Prom + 20°C t o  - 173'C. Experimental technique and d a t a  reduction methods 
become very c r i t i c a l  i n  es tab l i sh ing  accurate values f o r  these elastomers, 
T h i s  i s  f u r t h e r  compounded by t he  f a c t  t ha t ,  i n i t i a l l y  these m a t e r i a l s  
are i n  t h e  s o - c a l l e d  p l a s t i c  reg ion  where i t  i s  quite d i f f i c u l t  t o  de- 
termi ne accura te  m a t e r i a l  p r o p e r t i e s .  When ex t reme ly  1 oil temperatures 
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and u l t i m a t e l y ,  hard  vacuums, a r e  a p p l i e d  t o  these adhesives, increased 
d i f f i  c u l  ty  i s  encountered i n  p r e c i s e l y  de te rmin ing  t h e  c r i  t i c a l  m a t e r i a l  
p r o p e r t i e s .  F i n a l l y ,  when t h e  a d d i t i o n a l  comp lex i t i es  o f  p o t e n t i a l  ma- 
t e r i a l  phase changes, 1  ack o f  homogeni t y  i n  i n d i v i d u a l  batches, and manu- 
f a c t u r i n g  process e f f e c t s  f rom ba t ch  t o  batch a re  considered, i t  becomes 
obv ious t h a t  t h i s  represen ts  a  c r i t i c a l  area where inc reased  da ta  cou ld  
g r e a t l y  c o n t r i b u t e  t o  a  more comprehensive understanding of  t h e  s p a l l i n g  
phenomenon. 
The c r y s t a l 1  i n e  s t r u c t u r e  o f  t h e  s i  1  i c o n  c e l l  (i .e. random, p re fe r red ,  
p o l y c r y s t a l l  i n e )  a1 so c o n t r i b u t e s  g r e a t l y  t o  the  t ask  o f  q u a n t i f y i n g  t h e  
c e l l s t a c k  des ign c r i t e r i a  t o  be used i n  p reven t ing  s p a l l i n g .  Not o n l y  
does i t  e f f e c t  t he  u l t i m a t e  t e n s i l e  and shear s t r e n g t h  o f  t h i s  m a t e r i a l ,  
b u t  i t  can a l s o  be a de te rmin ing  f a c t o r  i n  c o n t r o l l i n g  t h e  s i l i c o n  c e l l  
su r face  f i n i s h .  Th i s  l a t t e r  c o n d i t i o n  can be i ns t rumen ta l  i n  c r e a t i n g  
sc ra tches  and cracks i n  t he  s i l i c o n  c e l l  su r face  which r e s u l t  i n  produc- 
i n g  ve ry  h i g h  s t r e s s  concent ra t ions .  I n  a d d i t i o n ,  because s i l i c o n  i s  such 
a b r i t t l e  m a t e r i a l ,  i t  i s  p o s s i b l e  t o  produce micro-cracks i n  t he  s i l i c o n  
c e l l  su r f ace  i f  a bowed c e l l  i s  excess i ve l y  f l a t t e n e d  d u r i n g  any o f  t h e  
manufac tu r ing  opera t ions  invo lved .  These micro-cracks cou ld  a1 so produce 
s t r e s s  concent ra t ions  and l owe r  t h e  va lue  o f  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  
o f  t h e  c e l l .  Th is  makes t h e  de te rm ina t i on  o f  t h e  a l l owab le  des ign  margins 
f o r  t h e  c e l l s t a c k  more d i f f i c u l t  t o  p r e d i c t .  I n  a d d i t i o n ,  i t  can impose 
a d d i t i o n a l  l i m i t a t i o n s  on t h e  range o f  acceptable adhesive low temperature 
p r o p e r t i e s  . 
Because o f  the  foregoing,  i t  i s  e s s e n t i a l  t h a t  f o r  l u n a r  su r f ace  ap- 
p l i c a t i o n s ,  where s o l a r  a r r a y  temperatures as low as -173°C can be expe r i -  
enced, increased care  must be taken  i n  a r r i v i n g  a t  t h e  des ign c r i t e r i a  f o r  
t he  module c e l l s t a c k .  It i s  impo r tan t  t h a t  the  adhesive se lec ted  should 
have as low a va lue o f  modulus o f  e l a s t i c i t y  a t  low temperature as poss ib l e ,  
The adhesives se lec ted  f o r  t h i s  program a l l  f e l l  w i t h i n  a range of 38,000 
t o  174,008 p s i  a t  approx imate ly  -173°6, Based upon t he  analyses conducted, 
these were a19 w i t h i n  an accep tab le  range as long as the correspondingly 
r e q u i r e d  low values o f  adhesive c o e f f i c i e n t  o f  S i n e a r  expansion (see F igu re  
10.26) were ac tua l  l y  achieved. However, because o f  t he  p r e v i o u s l y  d i s -  
cussed u n c e r t a i n t i e s  i n  bo th  t he  adhesive and s i l i c o n  m a t e r i a l  p rope r t i es ,  
increased design margins with regard t o  the minimization or  el imination 
of spal l ing can be established i f  the  adhesive dot thickness i s  maintained 
a t  a nominal value of 0.005 inches. Use of a subst ra te  Pacesheet material 
w i t h  a coef f ic ien t  of l i nea r  expansion very nearly equal t o  t ha t  of s i l i con  
a t  low temperatures, can fu r ther  enhance the probabil i ty of el iminating 
spal l ing.  I n  addit ion,  by u t i l i z i n g  higher qua l i ty  preferred c rys ta l  
or ienta t ion s i l i con  c e l l s  w i t h  the  adhesive bond surface f r ee  from excessive 
scratches o r  m i  cro-cracks , the possi bi 1 i t y  f o r  spa1 1 i ng occurring i s  even 
fur ther  reduced. Finally,  by improving the  process controls and qua l i t y  
control of the  adhesives during t h e i r  manufacture, the spread on the range 
of t h e i r  material propert ies and hence t h e i r  analogous behavior a t  low 
temperatures can be minimized. 
The design of sa t i s fac tory  ce l l s tack  common interconnectors f o r  lunar  
surface applications invariably involves achieving a balance between pro- 
viding a high spring r a t e ,  high natural frequency configuration ( t o  avoid 
fa t igue f a i l u r e s  during vibration t e s t i n g ) ,  while s t i l l  permi t t i n g  s u f f i -  
c ien t  f l  exibi 1 i t y  t o  preclude the  possi b i l  i t y  of overstressing the so lder  
jo in t s  due t o  the  large  temperature excursions experienced. In addi t ion,  
care must be taken during the  ce l l s tack  manufacturing operations to  pre- 
vent excessive solder  wicking since t h i s  can contribute t o  increasing the  
poss ib i l i ty  of fa t igue  f a i l u r e s  and, by reducing interconnector f l e x i b i l i t y ,  
a higher probabi l i ty  of solder j o in t  f a i l u r e .  These conclusions a r e  equally 
applicable to  the  design of the  sub-module bus bars. However, in t he  case 
where ver t i ca l  tabs are  used t o  simp1 i f y  the soldering operation during 
manufacture, addit ional  precautions must be taken t o  avoid causing s t r e s s  
concentrations in  t h i s  solder j o in t .  This can best  be achieved by rede- 
signing the  tabs t o  minimize the tear ing action produced a t  the solder  
j o in t  by the thermal d i f fe ren t ia l  expansion o r  by eliminating the ve r t i c a l  
tabs en t i r e ly .  For a lunar surface application due to  the large  tempera- 
t u r e  excursions and the  very high and very low temperatures involved, the 
l 8 t t e r  approach appears t o  be the one t ha t  would r e su l t  in a higher design 
margin and hence h i  gker solder joi n% re1 i ab i  1 i t y  eonf i  g u r a t i s n ,  
With respect t o  improving the cell-to-substrate ddhesive bond s t rength ,  
in order t o  minimize adhesive bond f a t  lures, two approaches should be con- 
sidered,  For those adhesives requiring primers ( i  , e m  RTV 519/577 and PR 
1538),  i nereased primer thickness control and humidi ty and cure-time control  
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d u r i n g  cellstack production should completely eliminate t h i s  fa i lure  mode, 
For unprimed adhesives, such as WTV 3945, improved process and qua1 i t y  
control during i t s  manufacture i s  required to  assure a homogeneous adhesive' 
whose material properties remain consistent from batch to  batch and within 
a given batch as well. In addition, because the fa i lure  of the s i l icon 
oxide coatings on zone-sol dered eel l s can fur ther  contribute to  adhesive 
bond fa i lures ,  these type of ce l l s  are not recomended f o r  use on l unar 
surface agpl i cat i  ons. 
The three candidate substrates used during th i s  program phase used 
cel l  stack-to-facesheeL bonding materi a1 s similar to  those used during 
Phase I I of t h i s  program, These were fiberglass epoxy (ETM IA), Kapton 
(ETM IIA), and graphite composite (Em IIIA). All three substrates 
demonstrated adequate s t ructural  integri ty  during vibration t e s t i  ng , How- 
ever, the 1 arge deflections experienced with the pre-tensioned f i berg1 ass 
epoxy diaphragm of ETM IA d i rec t ly  contributed to  many of the common inter-  
connector fatigue fa i lures .  In addi t i s n ,  the fiberglass diaphragm developed 
a granular appearance upon completion of the themal-vacuum test ing.  Be- 
cause of these factors and the increased complexity associated with manu- 
facturing a pre-tensioned type substrate,  t h i s  configuration does not 
appear to  be too a t t r ac t ive  f o r  lunar surface applications. Both the 
Kagton substrate configuration (ETM IZW) and the graphite composite desfgn 
(ETM IPIA) are s t ruc tura l ly  superior and impose minimum adverse dynamic 
effects  on the cellstack components. However, from the standpoint o f  
el iminati ng the spa1 l ing phenomenon, the graphi te  composi t e  design appears 
to be more desirable since i t s  coefficient of l inear expansion a t  low 
temperatures more near1 y matches tha t  of the s i  l icon ce l l  , This was 
fur ther  confirmd during thermal-vacuum test ing when only one spalling 
fa i lure  (ou t  o f  a total  of 45) occurred on the module using t h i s  substrate ,  
While t h i s  i s  a f a i r l y  small t e s t  sample and many other factors previously 
discussed could have contributed t o  this result; a t  t h i s  program phase, 
the ETM 1114 substrate is  ts be preferred for lunar surface applications, 
However, i f  solar  array stowage he ight  i s  c r i t i ca l  i n  a given application, 
the use of a Kapton substrate should a l so  prove acceptable, i f  the pre- 
v i o u s b  rreormended cellstack destgn cr t t e r i a  are adhered t o .  
This program phase has served t o  establish an analytical approach for 
identifying the c r i  t i  ca1 parameters i nvol ved in s i  l icon cell  spa1 1 i ng . In 
addition, within the l imits of the scope of th is  e f f o r t ,  i t  has provided 
experimental confirmation of the val idi ty  of the analytical model. Further- 
more, i t  has established a basis for  providing improved design c r i t e r i a  t o  
increase the r e l i a b i l i t y  of cellstack designs fo r  lunar surface applica- 
t ions.  However, in accomplishing these objectives, t h i s  development work 
has identified a need to obtain further corroboration of the qual i ta t ive  
conclusions drawn and increased s t a t i s t i c a l  data to  provide fur ther  con- 
firmation of the cellstack design c r i t e r i a  established. The following 
recommendations are provided to  identi fy these techno1 ogy areas, 
( a )  The analytical model for  evaluating the spalling fa i lure  mode 
should be expanded t o  include a quantitative evaluation of the 
impact of the substrate on t h i s  phenomenon, This work should 
be done parametrically over a judiciously selected range of 
values compatible with the low temperature properties of the 
graphite composite (0/90 and 0/+ - 60 orientation types),  Kapton, 
and the fiberglass epoxy laminate. In addition, since the 
s i l icon  cell  i s  a b r i t t l e  material with variable surface i m -  
perfections, micro-fracture analyses should also be conducted 
to  assess the impact of these s t ress  concentrations on the 
spall ing fa i lure  mode. Finally, since the material properties 
of the adhesives, and to  a lesser  degree the other cel ls tack 
and substrate components, vary greatly with changing tempera- 
ture ,  parametric analyses should be conducted for  various low 
temperature regimes and temperature d i f fe rent ia l s ,  t o  deter- 
mine i f  the Inception of the spalling fa i lure  i s  i n i t i a l l y  in- 
duced a t  higher levels in the low temperature regime, 
(b)  The low temperature properties of a l l  the cellslack and sub- 
strate materials were found t o  be very c r i t i c a l  wi th  regard 
t o  the spa1 1 l ng phenomenon itli  s was p a r t k c 1  arl  y true o f  
the  various candidate adhesives u t i l i z e d ,  I t  i s  f e l t  t ha t  
a much larger and more comprehensive s e t  o f  experimental data 
should be obtained to  provide a higher degree of confidence i n  
achieving adequate design margins for  establishing cellstack 
design c r i t e r i a  fo r  lunar surface applications, This should 
include the development of improved specifications fo r  pro- 
curing solar  array adhesives, s i  1 icon cell  s ,  i  nterconnects, 
solders, and substrate facesheets . Techniques for  improving 
the process and quality control in the manufacturing of a l l  
the cel l  stack/substrate materials should also be included in 
th i s  e f fo r t .  
Consideration should be given t o  the redesign of the negative 
and positive bus bars. The use of vertical  tabs and the re- 
sul t i  ng solder joints  do not appear to be compatible with the 
large temperature excursions to  be experienced on the lunar 
surface. A modified common interconnector looks a t t rac t ive  
as a possible replacement for  the bus bar designs, b u t  addi- 
tional analytical and experimental investigations should be 
conducted to  preclude the occurrence of any adverse solder 
wicking action and to  establish adequate fatigue strength de- 
sign margins. 
(d)  The four candidate adhesives (RTV 3145, RTV 5111577 , RTV 118 
and PR 1538) evaluated during th i s  program phase a1 1 had ac- 
ceptable low temperature material properties ( i  , e .  modulus of 
e l a s t i c i t y  and coefficient of 1 inear expansion). However, 
both RTV 5111577 and PR 1538 require priming of the bonding 
surface. This adds increased complexity and cost to  the manu- 
facturing operation and i f  adequate quality control i s  not 
maintained a decrease in the re1 i a b i l i t y  of the cell-to-sub- 
s t r a t e  adhesive bond strength could occur. Despite these 
shortcomings, there were no occurrences of spalling in those 
module regions where RTV 51?/577 was used. Hence th i s  ad- 
hesive i s  worthy of further consideration. From an overall 
p o i n t  o f  view, the self-priming Dow Corning RTV 3145 and G ,  E, 
RTV If8 appear t o  be the more desirable adhesives t o  use for  
a lunar surface application, However, in the case o f  the use 
of RTV 3945, the potential material property variations from 
batch-to-batch and lack of homogenity within a given batch 
must be minimized and i t s  impact on adhesive bond r e l i a b i l i t y  
eval uated. In addition, process control techniques must be 
ut i l ized to  assure meeting required outgassing l imits .  Simi- 
la r ly ,  care must be taken with the use of RTV 118, since i t  
contains an acet ic  acid constituent which can cause corrosion 
of the s i lve r  titanium contacts to occur on zone-soldered ce l l s .  
Use of fu l ly  solder backed ce l l s  should eliminate th i s  problem, 
b u t  additional experimental data i s  required to  assure t h a t  
t h i s  adhesive i s  compatible with the other cellstack/substrate 
materials. However, RTV 118 i s  capable of meeting NASA/MSFC 
outgassing l imits  and i s  on the i r  approved l i s t  in th i s  category. 
In addition, during th i s  program phase, i t  demonstrated the 
highest adhesive bond strength r e l i ab i l i t y  of a l l  the four can- 
didate adhesives. In view of the foregoing, i t  would appear to  
be technologically prudent to  conduct additional adhesive bond- 
ing, outgassing, and material compatibility t e s t s  with a t  l eas t  
three of the four candidate adhesives. This would provide a 
larger  s t a t i s t i c a l  base f o r  estimating adhesive bond design 
margins and re1 i abi 1 i ty  before committing a parti cul a r  appl i - 
cation fo r  a lunar surface solar array to a specific adhesive. 
The structural integri ty  of a l l  three candidate substrates has 
been adequately demonstrated during both Phase I1 and the 
current phase of this  program. However, both the Kapton and 
graphite composite substrates (ETM IIA and IIIA) are more 
easi ly  manufactured and reproducible than the pre-tensioned 
f i  ber-glass 1 a t t i ce  configuration (ETM IA)  . In addition, the 
ce l l  area ut i l izat ion as determined during Phase 11 was only 
74% fo r  the ETM IA design, while ETM IIA and ETM IIIA were 
both capable of providing a value of 84.4%. Because of t h i s  
e i the r  the E I M  IIA (Kapton substrate) or the ETM IIIA (graphite 
eomposi t e  sbbstrate) configurations are t he  preferred module 
designs fo?.  lunar surface appl iea t i sn ,  The  %a1 t i m a t e  factor  -in 
selection of  a p a r t i c u l a r  des ign  would be contingent  upon 
whether a r l r x i  b l  a rol l  - u p  or fo l  d-up c0r1f igura  t i n n  (ETM 1 I X )  
wnuld be 7.ci,iii r-ed to meet stowage height7 imitations or whether 
a r i g i d ,  fo ld -up  type (ETM % l a w )  would he more compatible w i t h  
so ta r  array dep loment  a n d  r e t r a c t i o n  requirements i n  the  1/6  g 
1 unar sur face environment. 
( f )  The work conducted t o  date has resu l ted  i n  r e s o l v i n g  a l l  the  
major technology problems associated w i t h  the  design o f  s o l a r  
a r ray  modules f o r  use on the  lunar  surface. This has inc luded 
the establ  i s h i n g  of design c r i t e r i a  f o r  t he  e l  im ina t ion  o f  
s i l i c o n  c e l l  t o r s i o n a l  v i b r a t i o n ,  s i l i c o n  c e l l  spa l l i ng ,  common 
i nterconnector f a t i g u e  f a i  1 ures, sub-modul e bus bar  tab  so lder  
j o i n t  f a i l u r e s ,  and c e l l  - to-substrate adhesive bond f a i l u r e s ,  
I n  a l l  cases t h i s  has been achieved by a combination o f  ana lys is ,  
design, and experimental v e r i f i c a t i o n .  However, these develop- 
ment resu l  t s  have been accompl ished i n d i v i d u a l  l y  i n  several 
phases o f  t h i s  program. I n  order  t o  achieve complete technology 
readiness, i t  now i s  essen t ia l  t h a t  a l l  these c r i t e r i a  be i n -  
corporated i n t o  an o v e r a l l  prototype Engineering Test Model . 
This prototype ETM design should be based upon inco rpo ra t i ng  
the proper mater i  a1 s and design techniques, whose compati b i  1 i ty  
wi'th the  l u n a r  sur face environment has been es tab l ished on 
t h i s  and e a r l i e r  phases o f  t h i s  program, Th is  pro to type design 
should then be subjected t o  the e n t i r e  spectrum o f  environmental 
t es ts  as d e f i n i t i z e d  i n  Reference 7.2, I n  t h i s  manner, the  
o v e r a l l  technology readiness o f  the prototype Engineering Test 
Model can be demonstrated and i t s  su i  L a b i l i t y  f o r  f u t u r e  l u n a r  
surface s o l a r  a r ray  app l i ca t i ons  confirmed, 
4, CELL-SUBSTRATE DESIGN CRITERIA 
4.5 CELLSTACK DESIGN REQUIREMENTS 
Solar arrays designed fo r  operation on the lunar surface wil l  experi- 
ence a l l  of the environmental condit ions which are  common t o  spacecraf t  
so l a r  ar rays;  however, in addit ion,  they must be designed t o  survive some 
re1 a t i ve ly  "new" conditions. These "new" conditions include: 
e lunar landing shock 
e manual deployment by gloved astronauts 
@ 1/6 gravity s t a t i c  load on s t ruc tu re  
e new temperature extremes of operation 
e long term temperature soak a t  each extreme 
Present so la r  ar ray designs have not spec i f i ca l ly  been required t o  
consider these  condit ions,  e i the r  in the  se lect ion of interconnect and 
bonding mater ia ls ,  o r  configurations. In addit ion,  material in te r faces  on 
the  completed a r ray ,  adhesive bond geometry, and consideration of so l a r  
ce l l  c rys ta l  or ienta t ion can be important i f  the ar ray i s  t n  survive t h t -  
lunar night  low temperature soak. 
This section defines the launch, c i s lunar  coas t ,  and Surrdr landing 
shor t  duration loads, as we13 as the thermal-vacuum environment t o  which 
the  solar ar ray will be subjected. In addi t ion,  speci f ica t fon of so l a r  
cell  types,  adhesives, adhes-ive pat terns  and subst ra te  type- be con- 
sidered during t h i s  program phase a r e  provided. 
Solar  arrays f o r  lunar surface appl ica t ions  wil l  be subjected t o  
dynamic exci ta t ion during pre-launch, boost,  f l i g h t ,  lunar Sanding and 
post-landing phases sf the mission, The dynamic exci ta t ion wil l  r e s u l t  
from t r ans i en t  accel e ra t i cn  (shock) and  mechanical l y  and acoustical  1 y i n -  
duced v i b r a t i o n  environments imposed by a Saturn V SLV and a LEN-type l and-  
i n g  veh i c l e ,  
The shock, vibration and acnustic I t v e l a  hdve been d e f " ~ d  by the  
Aps l lo /Sat iarn  V - Lunar Module Criteria of (1 ) TRW Syste~ns 106 9440.68-40, 
Appendix E V ,  dated 22 July 1968, and ( 2 )  Gruman Aircraf t  Fngineerinq 
Csrporatisn Specificatiors No.. bSP-520-0018, da ted  4 September 1967 .  The 
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respective level fo r  each condition i s  given i n  Figures 4 - 1  t o  4,4, 
The tolerance l im i t s  indicated a re  those allowable by standard 
pract ice  and/or pract ica l  t e s t  considerat ions.  
4.1 .2  Thermal -Vacuum Environment 
The lunar surface environment i s  the  dominant f a c to r  in ef fect ing the 
material se lec t ion ,  performance, and operation of lunar-based so l a r  ar rays .  
The various environmental parameters af fect ing so l a r  ar ray system opera- 
t ion  are :  
@ temperature 
s radia t ion l eve l s  
s micrometeoroid bombardment 
s dust  
s vacuum level  (lom1 t o  Torr. ) 
s g-level (1/6 t ha t  of Earth) 
By f a r  the  most c r i t i c a l  of these ,  from the standpoint of a f fec t ing  
so la r  ar ray performance, i s  the thermal-vacuum environment and the re- 
su l t an t  e f f ec t  on array operating temperature. This has been amply 
demonstrated by the parametric analys is  i n  Reference 1 .2 .  Data obtained 
in laboratory t e s t s ,  and operation data obtained from Earth o rb i t a l  and 
in terplanetary  spacecraf t ,  have ver i f ied  t ha t  analys is  t o  some extent .  
The average day/night var ia t ion in lunar surface temperature due 
t o  the presence or absence of the so la r  constant ( ISo1)  of approximately 
2 140 mw/cm i s  shown in  Figure 4.5.  This i s  the range of operation fo r  
long-term lunar missions. Sub-surface temperatures a r e  expected t o  be 
considerably more moderate due to  the insulat ing e f f e c t  of the surface 
mater ia ls .  Theoretical lunar surface temperature var ia t ion parametric 
curves a re  shown in Figure 4.6 fo r  a point a t  the lunar equator where 
2 1/2 /  the lunar material thermal i n e r t i a  ( v )  varies from 20 t o  1000°C-cm -sec 
c a l . ;  Figure 4 .7  depic ts  the lunar surface temperature var ia t ion with 
l a t i t u d e ,  
"[he equation i - isubsolar  p o i n t  cos +/4 was used t o  es tab l i sh  these 
curves ( $  i s  the l a t i t ude  angle)  and s ince  radia t ion i s  the  pr inciple  heat 
t r an s f e r  mechanism, var ia t ion in surface material proper t ies  can cause 
hot spots of re- ref lec ted so l a r  energy. The l i g h t  sca t t e r ing  propert ies 
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o f  the moon a re  such t h a t  there  i s  no limb darkening regardless of l a t i -  
tude or longitude during a f u l l  moon, a t  which time each par t  a t t a i n s  
maximum brightness. 
Figure 4.8 i s  considered a bes t  est imate only of a lunar thermal 
model s ince  i t  i s  based on experimental laboratory data ,  r a the r  than 
actual measurement. The data from Surveyor and Apollo have somewhat 
ver i f ied  t h i s  experimental data. The range of thermal parameters of sur-  
face  materials  i s :  
K (thermal conductivi ty)  = 1.676 t o  2.514 w/"C-m 
p (densi ty)  = 350 t o  2500 kg/m3 
c  ( spec i f i c  heat )  = 838 w-sec°C-kg 
2 y (thermal i n e r t i a )  = 1.43 x t o  4.3 x lo-' O C - m  /w-sec 112 
Figures 4.9 and 4.10 indicates  the  predicted temperature p ro f i l e  
f o r  a lean-to type lunar surface so l a r  array during the  illuminated por- 
t ion of the  lunar day. The lunar night  is  a 14.75 ea r th  day soak a t  a  
temperature near -1 73OC. Actual temperatures a r e  highly dependent on 
array constructions,  material and consideration of ac t ive  array heating 
during the  ec,l ipse period. The thermal t e s t  p ro f i l e  t o  simulate these 
temperature conditions i s  shown on Figure 4.11. 
4.2 CANDIDATE COMPONENTS AND MATERIALS 
4.2.1 Coverslides 
Covers1 ides can be e i t h e r  Dow Corning 0211 microsheet (0.006 inches 
th ick)  o r  7940 fused s i l i c a  (0.012 inches th ick) .  However, the  micro- 
sheet  i s  the most des i rab le  and would be representa t ive  of t h a t  which 
would be used fo r  an actual  mission. 
4.2.2 Coverslide Adhesive 
There a re  three  adhesive candidates f o r  t h i s  appl ica t ion,  they are: 
RTV-602, Sylgard 182 and R 63-489 (highly refined Syl gard 182). The RTV- 
602 i s  the l e a s t  des i rab le  s ince  the AgTi contacts  a r e  susceptible t o  
c o r r o s i o n  f rom some o f  the vo l a t i l e s ,  However, Sylgard 982 and R 63-489 
a re  both equally acceptable fo r  lunar surface system appl ica t ions .  
4.2.3 Solar Cell 
The c e l l s  selected were 2 cm x 2 cm, s ingle  c r y s t a l ,  s i l i con  of 0.010 
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Figure4.11 Thermal T e s t  Prof i l e  Used t o  Simulate 
Array Lunar Surface Temperatures 
inch thickness. Base r e s i s t iv i ty  should not a f fec t  t e s t  resu l t s  and thus 
i s  arbi t rary,  Cells should include both fully-soldered and zone-soldered 
(not solderlessj  types w i t h  each type applied to  both preferred and ran- 
dom cut  crystal  orientation wafers. 
4.2.4 Cell-to-Substrate Adhesive 
The selection of adhesives fo r  ce l l  bonding quickly narrows when 
long term, low temperature soaks are  considered. There are  four candidates 
in the RTV category; 1 )  RTV 3145% 2) RTV 118, 3) RTV 511/577 (50-50 
mix), and 4) S i l a s t i c  140. RTV 118 i s  an acetic acid producer and may 
only be useable with fu l ly  solder-backed solar ce l l s .  Promising Urethanes 
which should be considered are Crest Products No. 7343/7139, and Products 
Research PR 1538. The adhesive thickness should be 0.010 - + 0.005 inches 
applied in ei ther  a single d o t  ( large diameter) or a mu1 t i p l e  dot pattern 
and diameter consistent with data derived during Phase I1 of th i s  program 
(Figure 5.1 ) . Three adhesive patterns are  worthy of consideration and 
i ncl ude : 
fu l l  adhesive coverage 
single dot per M35 and Program 777 
three dot pattern 120 degrees apart 
The single dot diameter pattern was selected for  t h i s  program phase 
as the most cost-effective. I t  should be consistent with surviving the 
g-levels imposed by the dynamic loads curves given ea r l i e r ,  coupled with 
the resulting levels predicted for the various substrate designs being 
considered. 
4.2.5 Cell -to-Cel 1 Interconnect 
Solar cell  s were interconnected using 0.001 inch thick solder- 
plated Kovar material. The geometry should offer  s t r e s s  re l ie f  in  both 
ser ies  and para1 le l  cel l  directions and be compatible with f l a t  laydown 
designs, Each solar cell  s h ~ u l d  have a minimum of two solder jo in ts  per 
contact, 
4 * 2 , 6  Substrates 
The three substrate types developed during Phase I I  of the  LSPS 
e f fo r t  were used so the effects  of the material properties of the face- 
sheets on the spa1 1 ing phenomenon could be determined. These were: 
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ETM IA - Fiberglass lattice/box beam 
FTM IIA - Kaptsn sheet between end plates s f  aluminum face-  -.. 
sheet/haneycomb panel s 
ETM XIIA - Graphite composite/aluminum honeycomb sandwich 
Facesheets having electr ical  conductivity (such as the graphite 
composite) should be coated wi t k  a die1 ecdric material interface between 
ce l l s  and the conducting surface o f  the substrate,  The d ie lec t r ic  ma- 
te r ia l  should be compatible with the themal environment defined ea r l i e r  
and be capable of being bonded Lo the substrate using the adhesives being 
considered, Consideration was given ts perforated Kapton sheet as that  
insulating 1 ayer. 
4.3 CANDIDATE CELLSTACK DESIGNS 
4.3.1 Solar Cell 
The baseline cellstack design consisted of 2 em. x 2 cm. s i l icon 
ce l l s .  The cell  dimensions were nominally 0,788 x 0.788 inch and have an 
2 2 
active area of 0,589 in (3.80 cm ) .  The ce l l s  had a thickness of 0,610" 
- ' 0'002. The base r e s i s t iv i ty  of these ce l l s  was not considered to  be 
- 
a c r i t i ca l  parameter during t h i s  program phase. Hence, both 2 ohm-em 
and 10 ohm-cm c e l l s  were considered acceptable and specific use depended 
upon eel 7 avai l abi l i  ty.  
The impact of cell  crystal l ine structure on the spalling f a i lu re  
mode could not be deduced analytically.  This was also true of the cel l  
underside coating. These material property effects  however, were evaluated 
on an experimental basis. Both fully-soldered and zone-soldered c e l l s  
were included in each ETM cellstack design. In addition, based upon t h e i r  
ava i lab i l i ty ,  both preferred and random cut crystal orientation ce l l s  
were uti l i  zed, 
To insure structural s imilar i ty  with f l i gh t  type ce9 1 stack designs 
a l l  t e s t  ce l l s  included 0,006 inch thick Dow Corning 0271 microsheet 
coversf ides, These were bonded t o  the s i l icon ce l l s  w i t h  Bow Corning XW 
6-3489 adhesive (a  hs"gk19y p u r j f i e d  version o f  Sylgard 1821, 
For f l a t  laydown cellstack designs, the eel9 spacing i s  an important  

4.3.4 
The 0.001 inch thick Kovar interconnector d e s i g n  (Reference 9 -2 ) 
ut i l i zed  on the Engineering Test Models during Phase I1 of t h i s  program 
proved vulnerable t o  vibrat ion loads. The comparatively long expansion 
loops yielded during Z-axis vibrat ion t e s t s .  This was par t ly  due t o  the  
long unsupported 1 engths of the expansion loops. In addi t ion,  wicking 
action during soldering operations deposited solder on these expansion 
loops which fu r the r  contributed t o  t h e i r  y ie lding.  Because of these  
fac to rs ,  the ce l l  module interconnectors were redesigned fo r  t h i s  program 
phase. 
The new interconnector designs a r e  shown on Figures 4.12, 4.13, 4.14, 
and 4.15. Analysis indicated t ha t  this new design would be considerably 
stronger with respect  t o  sustaining the  imposed vibrat ion loads. In addi- 
t i on ,  the use of t h i s  interconnector design would simp1 i f y  cel 1 stack sub- 
module manufacturing operations,  thus contributing t o  reduced fabr ica t ion  
costs .  
4.4 ADHESIVE CONSIDERATIONS 
4.4.1 Adhesive Types 
There a re  a wide var ie ty  of ce l l - to - subs t ra te  adhesives t ha t  a r e  
current ly  in use. These include S i l a s t i c  140, RTV-560, RTV-580, RTV-602, 
Sylgard 182, RTV 3145, RTV 51 1/577 (50-50), RTV 118 and PR 1538. An 
i n i t i a l  assessment of t h e i r  propert ies revealed t h a t  four of these  ad- 
hesives could be a t t r a c t i v e  candidates f o r  t h i s  low temperature (-173°C) 
appl i ca t ion .  
Based upon exis t ing material proper t ies  data ,  four (4)  elastomeric 
adhesive systems were selected f o r  t e s t  evaluation. These were: 
e Dow Corning RTV 3145 
a General Elect r ic  RTV 51 1/577 (50-50 mix) 
Q General Elect r ic  RTV 118 
e Products Research PR 1538 
I t  was f e l t ,  t h a t  the  low temperature propert ies of these adhesives 
would vary s u f f i c i en t l y  t o  determine the  c r i t i c a l i t y  of adhesive se lec t ion  
to  the ce l l  spa l l ing  phenomenon. 
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An assessment of the c r i t i ca l  adhesive material properties revealed 
that  only four parameters were of prime consideration. These were: 
s ultimate tensi 1 e strength 
ultimate shear strength 
e Young's modulus of e l a s t i c i t y  
e coefficient of l inear  expansion 
The shear modulus of e l a s t i c i t y  was of lesser  importance since 
torsional deflections are not involved in the low temperature induced 
spalling problem. Finally, thermal conductivity and d ie l ec t r i c  strength 
were not considered c r i t i ca l  properties for the fa i lure  mode under in- 
vestigation. 
The adhesive material properties t o  be obtained during th i s  t e s t  
program are  out1 ined in Section 7. 
4.5 MODULE MATERIALS 
This section describes the various materials that  comprise the 
elements which make u p  a solar array module substrate,  The basic elements 
of the substrate are  the facesheets, core ( i f  u t i l i zed ) ,  frame, and 
d ie l ec t r i c  insulator. The substrate material s eval uataed during t h i s  
Phase I11 program are described below. 
4.5.1 Substrates 
Cell spalling a t  low temperature can be induced by shrinkage action 
of an adhesive spot on the cell  without attachment to a substrate.  Be- 
cause of t h i s  the mathematical model fo r  cell  s t ress  analysis described 
in Section 5.2 does not contain e f fec ts  of substrate thermal contraction. 
However, substrates identical t o  those of Phase I1 are  included in  the 
present modul e designs, The inclusion of these substrates provided 
identical conditions as existed in Phase 1% and permitted experimental 
determination o f  the e f fec ts ,  of the various substrates. 
4.5.9 - 9  
This concept i s  similar t o  Engineering Pest Model No. I as described 
in Section 6.1 . I  of the Phase % I  Final Report (Reference I ,2) and consists 
of an aluminum extrusion box beam frame welded a t  the corner and f i t t e d  
w i t h  0,009 thick fiberglass diaphram, The diaghram was epoxy banded t o  
one side of the box beam frame under a preload and capped with an  
aluminum s t r i p  which was bonded and riveted in place. 
The solar c e l l s  were arranged in rows on the diaphram. (Figure 7.1 ) .  
4.5.1.2 Kapton 
The substrate for th i s  concept corresponds to  the f lexible  portion 
of Engineering Test Model No. I1  as described in Section 6.1.2 of the 
Phase I1  Final Report (Reference 1.2) and consists of a sheet of 0.003 
thick "Kapton" polyimide p las t ic .  As a non-conductor, the s i l icon ce l l s  
may be bonded d i rec t ly  to  i t .  
The Kapton sheet was bonded to edge frames of aluminum. Although 
not identical t o  the f l i gh t  concept, the frames were included in the 
t e s t  model for convenience in handling of the f lexible  array and to con- 
duct the structural dynamic vibration t e s t s .  
4.5.1.3 Graphite Composite 
This concept was identical t o  the Engineering Test Model No. 111, 
as described in Section 6.1.3 of the Phase I1  Final Report, (Reference 1 . 2 )  
and consists of a conventional aluminum honeycomb core with high-modulus 
graphite f iber  facesheets. The graphite f ibers  are cross-plied in two 
1 ayers t o  provide the necessary bi -directional s t i f fness .  Each ply of 
the graphite i s  approximately 0.003 inch thick. A f iberglass scrim cloth,  
0.003 thick, i s  required between the two plies to  d is t r ibute  different ial  
thermal expansion s t resses  which occur during curing. The two plies 
plus the scrim give a facesheet thickness of approximately 0.009 inch. 
4.5.1 -4 Aluminum 
This concept corresponds to  the rigid end plate portion of Engineer- 
i n g  Test Model No. E I ,  as described in Section 6 , 1 , 2  of the Phase I1  
Final Report (Reference 1 -2) As s t a t e d  i n  the report ,  the aluminum honey- 
comb core,  a luminunr  facesheet  concept i s  not  considered a l i k e l y  structural 
concept  f o r  weight effectiveness; therefore,  a t e s t  module w i t h  t h i s  sub- 
serate  concept w i  1 I n o t  be fabricated, However, the characteri s t i c s  of 
the material were included i n  the material tables as a basel ine for com- 
pari son, 
4.5.2 D i e l e c t r i c  I n s u l a t i o n  
The s o l a r  c e l l s  c o n t a i n  2 l e c t r i c a 4  connect ion p o i n t s  on b o t h  t h e i r  
f r o n t  and back faces. These c o n s i s t  o f  zones w i t h  a  t h i n  s o l d e r  c o a t i n g .  
The i n t e r c o n n e c t  s t r aps  a r e  so ldered  t o  these  areas. The i n t e r c o n n e c t  
s t r aps  a r e  designed w i t h  l oops  t o  t h e  ad jacen t  c e l l s .  The purpose o f  t h e  
loops  i s  t o  p rov ide  f o r  d i f f e r e n t i a l  thermal expansion between t h e  c e l l s  
and t h e  subs t ra te .  Thus, t h e  s o l d e r  and s t r a p  combinat ions form p ro -  
t r u s i o n s  f rom the  f l a t  backs ide o f  t h e  c e l l .  These p r o t r u s i o n s  must  be 
kep t  e l e c t r i c a l l y  i n s u l a t e d  f rom each o t h e r  t o  p reven t  c i r c u i t  s h o r t i n g .  
Some types  o f  subs t ra tes  a r e  s e l f - i n s u l a t i n g  by t h e  n a t u r e  o f  t h e i r  
c o n s t r u c t i o n  m a t e r i a l ,  whereas o t h e r  t ypes  o f  subs t ra tes  c o n s i s t i n g  o f  
m e t a l l i c  o r  conduc t i ve  m a t e r i a l s  r e q u i r e  coa t i ngs  o r  f i l m s  between t h e  
s u b s t r a t e  and c e l l  i n t e r connec t s .  
4.5.2.1 FiberglassIRTV S i l i c o n e  
The f i b e r g l a s s  subs t ra tes  a r e  by t h e i r  na tu re  i n  t h e  c l a s s  o f  s e l f -  
i n s u l a t i n g  m a t e r i a l .  No coa t i ngs  o r  f i l m s  a r e  r e q u i r e d  between t h e  sub- 
s t r a t e  and c e l l  i n te rconnec ts .  On t h i s  t ype  o f  subs t ra te ,  t h e  o n l y  r e -  
quirement i s  t o  p rov ide  space between t h e  subs t ra te  su r f ace  and t h e  back- 
s i d e  o f  t h e  c e l l  t o  accomnodate t h e  i n te r connec t  loops.  T h i s  i s  accomp- 
l i s h e d  by bonding t h e  c e l l  t o  t h e  s u b s t r a t e  w i t h  an RTV s i l i c o n e  e lastomer 
spo t  o f  s u f f i c i e n t  t h i ckness  t o  p rov ide  t h e  c learance necessary.  
4.5.2.2 Kapton F i l m  
The Kapton f i l m  i n s u l a t i o n  method i s  a p p l i c a b l e  t o  t h e  c l a s s  of sub- 
s t r a t e s  t h a t  a r e  e l e c t r i c a l  conductors.  These i nc l  ude a1 uminum o r  o t h e r  
m e t a l l i c s ,  and g r a p h i t e  o r  boron f i b e r  composites. Th i s  l a t t e r  ca tego ry  
may be s e l f - i n s u l a t i n g  if t h e  m a t r i x  r e s i n  has formed a  s u f f i c i e n t l y  
t h i c k  c o a t i n g  on t h e  conduc t i ve  f i b e r s ;  however, as t h e  l am ina tes  a r e  de- 
s igned w i t h  a  minimum amount o f  r e s i n  t o  ach ieve s t r u c t u r a l  coherence, 
s e l f - i n s u l a t i o n  may n o t  be achieved, and a  p o s i t i v e  i n s u l a t i n g  f i l m  or 
coa t i ng  would be requ i red ,  
I n  this  method, a 0.001 th.iick Kaptsn po ly im ide  f i l m  i s  perforated 
w i t h  ho les  s l i g h t l y  l a r g e r  t h a n  t h e  d iameter  o f  t h e  c e l l  bond spo t ,  The 
ho les  a r e  l o c a t e d  i n  a r e g u l a r  p a t t e r n  t o  c o i n c i d e  w i t h  t h e  c e n t e r s  o f  
t h e  ce l l s  i n  t h e  a r ray .  The f i l m  i s  l a i d  on to  t h e  subs t ra te ,  and t h e  
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c e l l s  a r e  bonded with RTV through the holes t o  the  subs t ra te  beneath. No 
other adhesive i s  used t o  r e t a i n  the trapped f i lm,  
5, CELLSTACK DESIGN ANALYSES 
The f a i l u r e  modes t h a t  were experienced by the  c e l l s t a c k  d u r i n g  
the  Phase I 1  environmental t e s t i n g  f e l l  i n t o  two broad categor ies,  namely: 
e f a i l u r e s  due t o  s t r u c t u r a l  dynamic induced loads 
e f a i l u r e s  due t o  thermal-vacuum induced loads 
The types o f  f a i l u r e s  and t h e  techn ica l  approach taken t o  e l i m i n a t e  
them du r ing  t h i s  Phase I 1 1  Program a r e  summarized below. 
5.1 STRUCTURAL DYNAMIC INDUCED LOADS 
The s t r u c t u r a l  dynamic induced loads caused f o u r  bas ic  types of 
f a i  1  ures. These were: 
e cracking of t he  s i l i c o n  c e l l s  due t o  excessive t o r s i o n a l  
d e f l e c t i o n  
e y i e l d i n g  o f  in te rconnect  expansion loops 
e breakage o f  in te rconnect  expansion loops 
o shear f a i l u r e  o f  t h e  s i n g l e  RTV adhesive spot due t o  ou t -  
o f - t o le rance  diameter and/or eccent r ic  l o c a t i o n  
An eva lua t ion  o f  these f a i l u r e s  was c a r r i e d  ou t  du r ing  Phase 11 and 
documented i n  Sect ion 8.4.4 o f  Reference 1.2. As a r e s u l t  o f  t h i s  ana lys is ,  
a  design c r i t e r i a  was es tab l ished f o r  the  s i l i c o n  c e l l  adhesive d o t  d i a -  
meter. This  i s  shown i n  the F igure  5.1 Adhesive Dot Design Chart.  From 
t h i s  cha r t ,  i t  was es tab l ished t h a t  any adhesive spot diameter g r e a t e r  
than 0.400 inches would be adequate t o  meet t he  s t r u c t u r a l  dynamic induced 
loads ( t o r s i o n a l  shear and d e f l e c t i o n ) .  However, f o r  t h i s  Phase 111 
Program, i n  order  t o  evaluate the  Phase I 1  f a i l u r e  modes, a range o f  ad- 
hesive spot  diameters were selected f o r  the  Adhesive Bond Geometry M a t r i x  
(see F igure  7.1 ) i n c l u d i n g  values l e s s  than 0.400 inches. The adhesives 
spot  diameters are designated by percent  area on Figure 8.1. The equiva- 
Sent nominal diameters a re  as fo l l ows :  
% Area 
8 % 
9 8% 
32% 
70% 
Nominal Diameter, inches 
0,250 
0.375 
0.500 
0.750 
ALLOWABLE AMPLIFIED "G" LEVEL AT ADHESIVE ULTIMATE SHEAR STRESS 1G'S) 
LEGEND: 
CELL WEIGHT, W = 0.001 LB 
TRANSMISSIBILITY, TR = 5 
ULTIMATE SHEAR STRESS, S = 325 PSI 
S~~~ 
MAXIMUM ALLOWABLE DEFLECTION, BMAX = 0.025 RADIANS 
MINIMUM CELL CLEARANCE = 0.010 INCHES 
0= 1 AND r VALUES FOR 15 ETM I FAILED CELLS 
WITH FN INDICATED (XXX) 
-SEE TABLE 8.1 OF APPENDIX B 
--SEE TABLES 8.2 AND 8.3 OF APPENDIX B 
r = ADHESIVE DOT RADIUS (INCHES) 
I I I I I I I I 
70 170 220 270 320 630 1120 
FN = APPROXIMATE TORSIONAL RESONANT FREQUENCY (Hz) ( N O  SCALE) 
Figure 5.1 Silicon Cell Adhesive Dot Design Chart 
The use o f  thi s broad range s f  adhesive spot ds'ameters per-irritted 
an in-depth assessment sf  adhesive bond geometries for  both the thermal- 
vacuum testing and the structural dynamic induced loads. 
To further minimize the possibi l i ty  of interconnect and solder 
jo in t  fa i lure ,  the interconnector was redesigned for  th i s  program phase. 
This redesign and the technical reasons for  i t s  selection are outlined 
in Section 4.3.4. 
5.2 THERMAL-VACUUM INDUCED LOADS 
Si 1 icon solar  cell  s (primarily zone-soldered) resul Led in a high ra te  
of spalling type fai lures  when subjected to  -160°C and lower temperature 
tes t ing of the interface between the adhesive d o t  and the s i l icon c e l l .  
This type of fa i lure  was the most predominant during test ing of the Engineer- 
ing Test Models a t  NASAIMSFC and was subsequently reproduced in a t e s t  pro- 
gram conducted a t  TRW Systems during Phase 11. 
The thermal -vacuum induced 1 oads caused spal 1 i ng or "pull -outu of 
the sil icon or  SiO coating from the underside of the s i l icon ce l l s .  This 
fa i lure  mode was common to a1 1 three ETM's and appeared to be independent 
of substrate facesheet material. However, during the Phase 11 test ing,  
cel l  spal l ing fai  1 ures occurred only with the zone-sol dered cell  s .  No 
d i f f i cu l t i e s  of th i s  type were experienced with the fu l ly  solder backed 
ce l l s  or the simulated aluminum chips. I t  i s  postulated that  these spall-  
ing fai lures  were the resu l t  of a large mismatch between the coefficients 
of expansion of the sil icon ce l l s ,  the adhesive, and possibly the sub- 
s t r a t e  materi al s .  
For example, G . E .  RTV 511/577 (50-50 mix) has a coefficient of 
l inear  expansion of 72.5 x l om6  in/in/"C between - l O O ° C  and -18Q°C. Assum- 
ing th i s  value i s  similar fo r  RTV 3945 (used d u r i n g  Phase I I ) ,  a thermal 
different ial  expansion bemeen the adhesi ve and s i  1 icon af 0,0076 i n/i n 
would occur over a temperature range of -65°C to  - 7 7 3 O 6 ,  This i s  based 
upon the s i l icon cel l  e x h i b i t i n g  a coefficient of expansion of 3 x 
i n / i n l 0 C  a t  0°C and declining t o  a value s f  zero a t  -173"C, These prop- 
er t ies  and cond i t ions  could induce h i g h  tensi le  stresses a t  the circum- 
ferent ial  interface between the outer diameter of the adhesive dot and 
the plane of the underside o f  the s i l icon c e l l i  These tens i le  s t resses  
can be of suff ic ient  magnitude t o  cause cracking a t  t he  interface and 
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eventual 1 y spa1 l ing will occur, The analytical model described in Section 
5.2 .1 ,  combined with a TRW Systems computer program was used t o  predict 
this  fa i lure  mode. During th i s  Phase I11 program an e f fo r t  was made to  
obtain experimental confirmation of t h i s  fa i lure  mode as a function of 
various types of adhesives, adhesive bond geometries, and cellstack ma- 
t e r i a l  properties. This has been reported in Section 10.3. 
5.2.1 Analytical Model 
To obtain fur ther  insight into the fa i lure  mechanism a study was 
conducted to estimate these thermally induced s tresses .  During Phase I1 
of this  program i t  was noted that  the spalling fa i lures  occurred only in 
those ce l l s  which were bare or SiO back-coated and appeared to  be independent 
of bond diameter and substrate geometry or  material. The model, Figure 
5.2, therefore u t i l izes  only a 0.008" thick 2 x 2 cm. cel l  and a 0.25 in.  
diameter by 0.020 in. thick adhesive spot. Division of the model into the 
discrete sections shown was selected t o  obtain the maximum benefit of a 
f i n i t e  element difference computer program. 
5.2.2 Basic Assumptions 
The program used was a two dimensional, l inear ,  thermal e l a s t i c  
routine of hand1 ing 550 elements and therefore was well sui Led to  investi-  
gate local s t ress  distributions within planar structures.  The assumption 
of a two dimensional model representing a radial section thru a three 
dimensional s t ress  problem i s  rational considering the need to  identify 
c r i t i ca l  parameters and the i r  interactions. 
Available data on the modulus of e l a s t i c i ty  of c lass  500 s i l icon 
rubbers (RTV) terminate a t  -84°C with indicated b r i t t l e  points below 
-101 "C. To be able to  run the program a conservative estimate of 0.5 x 
6 10 psi was taken fo r  the adhesive's modulus. A summary of the material 
properties assumed fo r  th is  analysis a t  -173°C i s  tabulated below: 
E (ps i )  cx (in/in/"C) uurs ) 
S i  1 icon ce l l  16.1 x lo6  1 .5  x 19,000 
RTV Adhesive 0.5 x l a 6  (es t )  163 x Variable 
A comparison between these values and those determined experimentally 
during th is  program are given in Section 7 and confirm the i r  conservative 
levels.  
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No attempt was made ini  t i  a1 Iy t o  parametrically study the e f f e c t s  
o f  adhesive diameter or thickness on the s t ress  distribution or i t s  peak- 
ing magnitude. Potential contributions were inferred by considering the 
simple analogy of a bimetallic s t r i p  and i t s  classical load equation. 
Subsequently, i t  was found desirable to  conduct limited parametric analyses 
and these are reported in Paragraphs 5.2.4 and 5.2.5 of th i s  section. 
errtent No. 1 (adhes ive)  
N 
Element No. 2 ( so la r  ce l l  ) 
(pound per i n c h  w i d t h )  
The average load ( N )  induced in each element i s  d i rec t ly  propor- 
tional t o  the difference i n  coefficients of expansion (9- a 2 )  and related 
to  the s t i f fness  ration (tE) of the materials involved. Thus, in theory, a 
reduction in adhesive thickness would be one geometric technique t o  lower 
thermal s t resses .  Additional benefits could be real i zed by selection of 
an adhesive that  exhibits larger  f l ex ib i l i t y  (low modulus of e l a s t i c i t y )  
a t  the minimum (-1 73°C) operating temperature involved. 
5.2.3 
The resul ts  of the computer r u n  are shown in Figures 5.3 and 5.4. 
Figure 5.3 depicts the s i  l icon cel l  axial s t ress  dis t r ibut ion adjacent to  
the adhesive/cell interface,  and Figure 5,4 shows the effect ive s t r e s s  
i n  the same region using Von Mises Shear Distortion Theory (Reference 5.1) 
to  combine axial ,  normal, and shear s t resses .  The high local peaking 
s t resses  a t  the edge of the adhesive dot interface,  are typical s f  those 
found in any lap joint subjected t o  ax ia l  loads ,  
The magnitude of the theoretical peaking tensi le  stress (90860 psi a t  
the 0,00097 level)  in the s i l icon c e l l ,  whose allowable ultimate t ens i l e  
s t r e s s  i s  19,000 psi, is  suf f ic ien t  to cause the type o f  fa i lure  as wit- 
nessed by the previous Phase % I  testing. I t  was concluded based upon t h i s  
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analys is ,  t h a t  spa l l ing  type f a i l u r e s  a t  temperatures a t  -360°C and lower 
a r e  induced primarily by adverse material proper t ies  of the adhesive. 
I t  was found t h a t  the experimentally determined values of the modulus 
of e l a s t i c i t y  ( E )  and the coef f i c ien t  of l i nea r  expansion ( a )  f o r  the 
various candidate adhesive materials  varied over a considerable range (see 
Tables 7.3 and 7.4).  For example, one of the most promising adhesives 
se lected t o  minimize thermally induced loads was RTV 3145. This had an 
experimental 1 y determi ned modul us of e l  a s t i  ci  t y  t h a t  ranged from 1 ess  
5 5 than 0.4 x 10 t o  1.0 x 10 psi a t  -373°C. I t  a l so  had a var ia t ion in 
coe f f i c i en t  of l i n e a r  expansion of from 130 x t o  2.4 x i n / i n / " C  
f o r  a temperature range between 20°C and -173°C. In view of t h i s ,  a 
s t r e s s  analysis  of the  s i l i con  ce l l  based upon this range of material 
propert ies was made t o  determine the s e n s i t i v i t y  of the s t r e s s  l eve l s  t o  
these parameters. The same f i n i t e  d i f ference computer model as was de- 
l ineated i n  Reference 1.5 was used. 
Results of these computer runs have been plot ted  in Figure 5.5 f o r  
both the or ig inal  estimated propert ies and the newly obtained experimental 
values. As can be noted, the peak s t r e s s  l eve l s  drop off sharply with 
reduced adhesive modulus of e l a s t i c i t y .  Hence, the pos s ib i l i t y  of spa l l -  
ing i s  c losely  coupled t o  the actual value of t h i s  parameter. I f  t h i s  
value var ies  considerably from batch t o  batch on a given adhesive i t  could 
r e s u l t  i n  spa l l ing  taking place in some instances and not in o thers .  
Figure 5.6  presents the  axial  and e f f ec t i ve  s t r e s s  d i s t r ibu t ions  
through the  thickness of the ce l l  a t  t he  c r i t i c a l  in te r face  radius f o r  
5 
an a rb i t r a ry  adhesive modulus of el  a s t i  c i  ty  of l x 10 p s i ,  Both f igures  
5 = 5 =  a n d  5.6 show the highly lscal ized e f f e c t  o f  the  maximum s t r e s s  peak- 
i n g  and suggests the pos s ib i l i t y  of even higher surface s t resses  a t  
values computed a t  distances s f  less than 0.00017 inches f rom the sur face ,  
A new computer model would be required t o  determine t h i s ,  which was beyond 
the  scope of t h i s  program phase, 
F i g u r e  5 - 7  was plot ted  u s i n g  da ta  from the computer runs and the 
b i m e t a l l i c  s t r i p  analogy equation indicated i n  Para. 5.2,2, This equation 
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Figure 5.3 Silicon Cell Axial Stress Distribution 
LEVEL 1 I S  0.00017 FROM SURFACE 
2 I S  0.00067 FROM SURFACE 
3 I S  0,00133 FROM SURFACE 
4 I S  0.00267 FROM SURFACE 
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a2 = 163 IN/IN/OC 
t2 = 0.020 IN. 
Figure 5.4 Silicon Gel1 Effective Stress Distribution 
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Figure 5.5 Longitudal S i l i c o n  Cell Stress a t  a bevel 
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Figure  5.6 S t ress  D i s t r i b u t i o n  Through So la r  C e l l  Thickness - 
Modulus of E l a s t i c i t y  o f  Adhesive = 1 x 105 p s i  
- 
6 5 4 3 2 1 0 
E2' 4DHESIVE MODVLIIS OF ELASTICITY 
Figure 5 , 7  Effect o f  Adhesive Modulus o f  E l a s t i c i t y  
on t?e Maximum Computed Stress 
may be rewrit ten t o  obtain the change i n  eel1 s t r e s s  due t o  a change i n  
adhesive modul us ; 
where a l l  the  o the r  parameters are  h e l d  constant.  The p l o t  of F igure 5.7 
5 
uses the computed peak e f f e c t i v e  s t ress  f o r  E2 = 1 x 10 p s i  as a  foca l  
p o i n t  and shows c lose  agreement f o r  s t resses a t  t h e  o the r  se lec ted  moduli i 
f o r  the  range under considerat ion.  Thus, t h i s  equat ion can be used t o  
ex t rapo la te  the  parametr ic  e f f e c t  of ma te r i a l  p roper ty  changes once the  
peaking s t ress  has been determined by a computer ana lys is .  
5.2.5 Add i t i ona l  Parametric Analyses o f  Spa11 i n g  Fa i l u res  
The i n i t i a l  i n v e s t i g a t i o n  o f  s i  1  icon/RTV thermal s t ress  was completed. 
and documented i n  Paras. 5.2.1 t o  5.2.3. An a d d i t i o n a l  ana lys i s  t o  i n -  
ves t i ga te  the  e f f e c t s  o f  RTV s t i f f n e s s  (E2, Young's Modulus) on s i l i c o n  
c e l l  s t resses was a1 so completed and the  r e s u l t s  summarized i n  Para. 5.2.4. 
These studies. p r e d i c t  the occurrence o f  s t resses i n  the  s i l i c o n  h igher  
than the u l t i m a t e  t e n s i l e  s t rength,  o f  19,000 ps i ,  a t  -173°C. The h ighes t  
s t ress  occurred a t  the edge o f  t he  RTV d o t  due t o  shear l a g  o f  the  d i f f e r -  
e n t i  a1 expansion thermal 1  oad. T h i s .  phenomenon i s t y p i c a l  o f  a  b imeta l  1  i c  
s t r i p ,  i n  which the  thermal load, N, can be expressed by the  f o l l o w i n g  
equation: 
N = 
El tl E2 t2 
"1 " El, tl are p rope r t i es  o f  
s i l i c o n  
N = [ l b ,  load/ in .  w id th ]  u2, E2, t, are p rope r t i es  o f  
k 
aAT = [in/in thermal strain] 
E t  = [ lb / in  s t i f f n e s s  per 
7 "wide s t r i  p] 
RTV 
A T  i s  uniform temperature re- 
l a t i v e  t o  room temperature = 
(-173'C - 2Q5C) = -193'C 
The s i l icon s t r e s s ,  f, i s  d i rec t ly  related t o  the thermal load, N, 
and shsuld be re1  a t i v e l y  fnsensi t i v e  t o  s v e r a l  l geometry, because o f  t h e  
l o c a l  na tu re  o f  t h e  h i g h e s t  s t r e s s  (see F igures  5.3, 5.4 and 5 .5 ) .  The 
r a t i o  o f  maximum e f f e c t i v e  s t r e s s  t o  thermal l o a d  i s  d e f i n e d  as a  con- 
s t a n t ,  y, which i s  d iscussed i n  References 1.4 and 1.5. The s t r e s s  i s  
found by u s i n g  t he  TRW Systems AS 165 Plane S t r a i n  F i n i t e  Element Program. 
Th i s  program u t i l i z e s  an e l a s t i c  m a t r i x  s o l u t i o n  t o  so l ve  t h e  s t r a i n  com- 
p a t i  b i l  i ty r e l a t i o n s h i p s  f o r  a  g r i d  o f  t r i a n g u l a r  elements. 
The constant ,  y = PIN, i s  summarized i n  Tab1 e  5.1, below f o r  t h e  
cases p r e v i o u s l y  i n v e s t i  gated: 
Table 5.1 - S i l i c o n  S t ress  Summary 
I I 
*NOTE: These maximum e f f e c t i v e  s t resses  a r e  taken  a t  a  p o s i t i o n  near  
t he  edge o f  t h e  RTV d o t  c i r c l e ,  a t  a  d i s t a n c e  ,00017 i n c h  i n s i d e  
These r e s u l t s  a r e  based on t h e  f o l l o w i n g  supplementary data:  
AT = -193°C 6  El = 16.1 x  10 p s i  
5.2.5.1 
Th is  i n v e s t i g a t i o n  QP s i  1 i c o n  ce4 1  s t r e s s  versus WTV adhesive p roper -  
t i e s  ad -973°C was conducted f o r  the fo l lowing  range of v a r i a b l e s  f o r  t h e  
adhesives : 
t2 = 0.005 t o  0,020 inch thickness 
E 2  = 0.04 t o  0.50 x 10' psi Young's Modulus 
a 2 = 1.8 t o  220 x 1 om6 i n/i n / O C  thermal expansion co- 
e f f i c i e n t  
The range of Young's Modulus and thermal expansion coef f i c ien t  f o r  
the adhesive bond (an elastomer compound) was in ten t iona l ly  large  t o  
account f o r  the  extreme temperature s e n s i t i v i t y  of i t s  mechanical proper- 
t i e s  t o  low temperatures. The thermal s t r e s s  level in the s i l i con  i s  
dependent on the average value of the pa r t i cu l a r  adhesive mechanical 
property (averaged over the temperature range of +20 t o  -173OC). 
The solut ion f o r  s i l i con  s t r e s s  was accomplished using a time-share 
program t o  solve the following simplif ied equation, with y ( N o )  p lot ted 
in  Figure 5.8. 
5.2.5.2 Results of Analyses 
The maximum e f f ec t i ve  s t r e s s  in the  s i l i con  ce l l  versus adhesive 
thickness, Young's Modulus, and thermal expansion coef f i c ien t  have been 
plotted in  Figures 5.9, 5.10, 5-11,  5.12, and 5.13. 
Values representing the maximum combined l imi t s  f o r  adhesive mechani- 
cal propert ies (averaged over the temperature range of +20 t o  -173°C) 
which wi l l  not exceed the s i l i con  s t rength  of 19000 psi a re  summarized 
in Table 5.2.  
The acceptable temperature - averaged mechanical propert ies fo r  
the adhesive represents materi a1 property controls t h a t  must be imposed 
or1 "che adhesive bond t o  prevent silicon fa i lu re  ad - 1 7 3 O C ,  Future pro- 
gv arns s hou l d tonsil der niateri a"nees%s des i grled "e determi  ne the process 
control var iables  a f fec t ing  adhes~ve  s t i ffness and expansion c o e f f i c i e n t  
a t  low temperatures. These variables should then be controlled t o  main- 
t a in  the temperature - averaged propert ies a t  acceptable values fo r  the 
Figure 5.8 Plot of Function a = f/No 
fo r  Simp1 i f i ed  Stress  Equation 
Figure 5.9 S i l i c o n  Thermal Stress - RTV Adhesive Thickness, 
tp = 0.005 i n . ,  a t  0.00017 Stress Level 
a 2 = RTV BOND EXPANSION COEFFIC1ENT (IN/!E\I/'C) 
Figure 5.10 Silicon Thermal Stress - RTV Adhesive Thickness, 
t p  = 0.010 in . ,  a t  0.00017 St ress  Level 
C f 2  = RTV BOND EXPANSION @OEFFlClEP\II JIN/IN/"C) 
Figure  5.11 Si l icon Thermal Stress - RTV Adhesive Thickness, 
t2 = 0.015 i n . ,  a t  0.00017 Stress Level 
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Figure 5,12 S i l i c o n  Thermal Stress - RTV Adhesive Thickness, 
t, = 6,020 i n , ,  a t  6,00017 Stress Level 
6. 
RTV THICKNESS (INCHES) 
F igure 5,13 Maximum E f f e c t i v e  Stress i n  S i l i c o n  
as F u n c t i ~ n  o f  RTV Adhesive Thickness 
thickness chosen, Variation o f  s i l i c o n  stress w i t h  adhesive th ickness  
6 f o r  representa t ive  averaged propert ies of adhesives ( E 2  = 0.10 x 1 C psi ; 
a 2 
= 122 x in/in/OC) a re  shown in  Figure 5.13. Maximum e f f ec t i ve  s i l i c o n  
s t r e s s  var ies  between 4300 psi and 13400 psi f o r  the thickness range of 
0,005 t o  0.020 inches. These averaged propert ies should represent  ac- 
ceptable material l imi ta t ions  t o  prevent s i l i con  spa l l ing  a t  -173OC, the  
minimum design temperature f o r  the Lunar Based Solar Array. 
Table 5.2 Allowable Adhesive Propert ies Versus t 

6 ,  SUBSTRATE D E S I G N  CRITERIA 
The subs t ra tes  t h a t  were designed f o r  t h i s  program phase were 
s i m i l a r  t o  those u t i l i z e d  d u r i n g  Phase 11. However, t h e  emphasis d u r i n g  
t h i s  phase was p r i m a r i l y  t o  d u p l i c a t e  t h e  facesheet  m a t e r i a l s  so t h a t  t h e  
e f f e c t ,  i f  any, on t h e  s p a l l i n g  phenomena cou ld  be ascer ta ined .  The 
ETM's designed d u r i n g  Phase I 1  were 30 inches  x  48 inches i n  o v e r a l l  d i -  
mensions. The Phase I 1 1  subs t ra tes  were approx imate ly  20 inches  x 20 
inches. The l a t t e r  s i z e  was se lec ted  t o  accommodate t h e  v a r i o u s  c e l l s t a c k  
c o n f i g u r a t i o n s  i nc l uded  i n  t he  ETM C e l l  s t ack  Bonding M a t r i x  ( F i g u r e  8.1 ) . 
Prov i s i ons  were a l s o  made f o r  s u b j e c t i n g  t h e  modules t o  a c c e l e r a t i o n  and 
v i b r a t i o n  t e s t i n g .  Th is  r e q u i r e d  t h a t  t h e  module frames i n c o r p o r a t e  a  
mount ing su r f ace  t oge the r  w i t h  p r o p e r l y  spaced mount ing ho les  and i n s e r t s .  
For  t h e  f l e x i b l e  Kapton subs t ra te ,  i t  a l s o  i nc l uded  t h e  a d d i t i o n  o f  a lumi -  
num honeycomb endpl a tes  , hinges, spacers, and v i b r a t i o n  pads ( s i m u l a t e d  
s k i r t i n g  pe r  Reference 1.2). 
6.1 FIBERGLASS - ALUMINUM FRAME CONFIGURATION FOR ETM I A  
The c r i t e r i a  es tab l i shed  f o r  t h i s  subs t ra te  des ign was t o  use t h e  
same epoxy f i b e r g l a s s  facesheet  m a t e r i a l  as was used on t h e  ETM I c o n f i g u -  
r a t i o n  o f  Phase 11. Th i s  was done t o  o b t a i n  t h e  same c o e f f i c i e n t  o f  
l i n e a r  expansion f o r  t h e  facesheet .  No at tempt  was made t o  d u p l i c a t e  t h e  
p re - tens ioned  f i b e r g l a s s  tape l a t t i c e ,  s i nce  cons iderab le  d i f f i c u l t y  was 
exper ienced w i t h  t h i s  des ign i n  a c c u r a t e l y  l o c a t i n g  the  tape  i n t e r s e c t i o n s .  
However, i t  was necessary t o  p re - s t r ess  t h e  f i b e r g l a s s  diaphragm. T h i s  
was r e q u i r e d  t o  i n s u r e  t h a t  t h e  facesheet  s t i l l  remained t a u n t  down t o  
-973°C. I n  a d d i t i o n ,  f o r  s t r u c t u r a l  dynamic t e s t i n g  i t  was i m p o r t a n t  
t h a t  t h e  n a t u r a l  f requency o f  t h e  f i b e r g l a s s  diaphragm be ma in ta i ned  a t  
40 Hz o r  g rea te r .  Th i s  was accomplished by app l y i ng  a  u n i f o r m  t e n s i o n  of 
20.4 l b / i n .  i n  bo th  d i r e c t i o n s  o f  t h e  f i b e r g l a s s  diaphragm as i t  was be ing  
i n s t a l l e d  on t h e  aluminum box beam frame. A  c a l c u l a t e d  n a t u r a l  f requency  
o f  124 Hz was obta ined,  The a n a l y s i s  i s  shown i n  Appendix C ,  The f i n a l  
design o f  t h i s  substrate i s  shown on F igu re  8,%, 
6-2 ALUMINUM - HONEYCOMB END PLATES WITH INTERMEDIATE FLEXIBLE KAPTOM 
MODULE FOR ETM E 9 A  
The c r i t e r i a  estah7lshed f o r  t h i s  subs t ra te  des ign was t o  use t h e  
same m a t e r i a l s  t h a t  had been p r e v i o u s l y  used on the  ETM EI c o n f i g u r a t i o n  
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o f  Phase 11, These were dep ic ted  i n  F igure 6 , 2  o f  Reference 1.2. The 
m a j ~ r  m o d i f i c a t i o n  t o  the  ETM I I A  design was t h a t  o n l y  one f l e x i b f  e Kapten 
module was u t i l i z e d  r a t h e r  than the  two f l e x i b l e  modules f a b r i c a t e d  dur- 
i n g  Phase I I. This was done f o r  several reasons. F i r s t ,  t he  a b i l  i t y  f o r  
the  s i l i c o n  c e l l s  t o  s u r v i v e  the  launch environment when clamped t o  the  
endplate w i t h  the polyurethane foam v i b r a t i o n  pad i n  between was es tab l ished 
i n  the  e a r l i e r  phase o f  t h i s  program (Reference 1.2). Secondly, the  19.5 
i nch  x  19.5 i n c h  Kapton module was made s i m i l a r  i n  s i z e  t o  the  o the r  two 
ETM's so t h a t  the  same experimental  m a t r i x  o f  c e l l s  cou ld  be used on a l l  
th ree  conf igura t ions .  F i n a l l y ,  t h e  emphasis du r ing  t h i s  phase was on 
eva lua t i ng  the  spa11 i n g  f a i l u r e s  associated w i t h  thermal vacuum t e s t i n g ,  so 
t h a t  ma in ta in ing  the same c o e f f i c i e n t  of expansion ma te r ia l  was the  c r i t i c a l  
parameter. 
The o n l y  s i g n i f i c a n t  design change i n  ETM I I A  was t o  e l i m i n a t e  the  
s t ress  concent ra t ion  i n  the  j o i n t  between the  Kapton module and the  
aluminum spacer bar.  Th is  had caused some crack ing  o f  the  Kapton module 
and the f l a t  cable h inge du r ing  v i b r a t i o n  t e s t i n g  du r ing  the  e a r l i e r  
phase. I n  add i t i on ,  a l l  ho les c u t  i n  the Kapton t o  pe rm i t  t he  passage 
o f  t h e  ho ld  down b o l t s  were r e i n f o r c e d  w i t h  a  doubler  l a y e r  o f  0.003 i n c h  
Kapton, The f i n a l  design o f  t h i s  subs t ra te  i s  shown on Figure 8.3. 
6.3 ALUMINUM HONEYCOMB - GRAPHITE/EPOXY COMPOSITE SUBSTRATE FOR ETM I I I A  
The c r i t e r i a  es tab l i shed  f o r  t h i s  subs t ra te  design was i d e n t i c a l  t o  
t h a t  p rev ious l y  used on the  ETM 111. The facesheets were made f o r  Morganite 
Type II. Each facesheet cons is ted  o f  two p l y s  o f  0.003 i n c h  t h i c k  u n i -  
d i r e c t i o n a l  g raph i te  f i b e r s  pe rpend icu la r l y  cross 1  a i d  w i t h  one p l y  of 
0.003 i nch  t h i c k  No. 112 f i be rg lass  c l o t h  between the  g raph i te  f i lament  
p l  i es . Whi t t a k e r  Corpora t i  on - NARMCO No. 5505 epoxy i mpregnati ~n  was 
used t o  make the  g raph i te  p l i e s  and NARMCO No. 252 adhesive was used t o  
bond the  facesheets t o  the  aluminum honeycomb core. Because the  graph i te  
f i l amen ts  are an e l e c t r i c a l  conductor, 0.009 i n c h  Kapton sheets of i nsu la -  
t i o n  were placed on the s i d e  sf the  substrate %a which t h e  silicon ce l l s  
were t o  be at tached,  Ihe  Kapton i n s u l a t o r  s t r i p  was s i z e d  t o  match the 
2 c e l l s  i n  p a r a l l e l  by 5 c e l l s  i n  se r i es  sub-modules. Holes were punched 
i n  these i n s u l a t o r s  t o  match the  diameters o f  the adhesive spots, The 
f i n a l  design sf  t h i s  subs t ra te  i s  shown on Figure 8.4. 
7 .  MATERIAL PROPERTIES EXPERIMENTAL PROGRAM 
7.1 ADHESIVE MATERIALS TEST PLAN 
Upon in i t ia t ion  of th i s  Phase 111 program, an assessment was made 
of the adhesive material properties tha t  are  essential for  evaluation of 
the spalling phenomenon. I t  was agreed that  the most c r i t i ca l  parameters 
were coefficient of l inear  expansion, Young's modulus of e l a s t i c i t y ,  u l t i -  
mate tens i le  strength, ultimate shear s t r e s s ,  and to a lesser  degree, 
shear modulus of e l a s t i c i ty .  In addition, general agreement was reached 
that  the main load producing ef fec t  was the thermal different ial  expansion 
s t resses  induced during the low temperature thermal cycling test ing dur- 
ing Phase I1 of th i s  program. 
The thermal conductivity of the adhesive was not considered to  be a 
c r i t i ca l  parameter, as f a r  as contributing t o  the spalling f a i lu re .  This 
conclusion was drawn a f t e r  a review of the Reference 7.1 data. This techni- 
cal paper indicated that  spalling type fa i lures  could occur in s i l icon  
ce l l s  due to  thermal stesses induced by temperature gradients. Under the 
conditions outlined in Reference 7.1, namely the rapid insertion of thin 
s i l  icon s l i ces  into a 1000°C furnace, temperature differences across the 
wafers as high as 50" to  100°C were experienced. This created a thermal 
s t r e s s  of from 4-8 kg/mm2,  which i s  suff ic ient ly  large t o  cause p las t ic  
deformation of the s i l icon a t  i t s  elevated (1000°C) temperature. For 
th i s  condition, i t  was concluded tha t  the thermal stresses induced by the 
comparatively 1 arge temperature gradients (50"-1 OO°C), could exceed the 
strength of the material a t  i t s  elevated temperature and cause permanent 
deformation of the s i l icon wafers. However, t h i s  fa i lure  effect  does not 
appear t~ be applicable to  the spalling phenomenon which occurred during 
the 1 ow temperature (-1 7 3 " C ) ,  1 ong duration (14 hour) thermal cycl i ng 
t e s t  of Phase 11. F i rs t ,  the total  temperature different ial  between room 
temperature and a t  the extreme of low temperature thermal testing i s  only 
approximately 206'6, I n  addition, the temperature in the thermal-vacuum 
chamber was reduced slowly (per Reference 7,2), so t h a t  the p o s s i b i l i t y  
o f  inducing large temperature d i f f e r e n t i a l s  i s  highly improbable,  F i n a l l y ,  
the strength of si l icon a t  low temperatures i s  not diminished as i s  the 
case a t  9000°6, Because of the foregoing, i t  was not deemed necessary to 
o b t a i n  experimental d a t a  for t he  themal conductivity o f  the candidate 
adhesive materials, 
This Phase I11 Adhesive M a t e r i a l  Test Plan encompassed an expe r i -  
mental t e s t  program which provided, as a minimum, Young's modulus o f  
e l a s t i c i t y ,  u l t i m a t e  t e n s i l e  s t rength ,  and u l t i m a t e  shear s t ress  of f o u r  
(4 )  e l  astomeric adhesive systems. These included: 
a Dow Corning RTV 3145 
e General E l e c t r i c  RTV 51 l /577 (50-50 mix )  
@ General E l e c t r i c  RTV 118 
e Products Research PR 1538 
RTV 602, and Sylgard 182, o r i g i n a l  l y  suggested i n  Reference I .4 were 
e l  iminated s ince these are  non-s t ruc tura l  adhesives which are  no t  s u i t -  
ab le  f o r  c e l l - t o - s u b s t r a t e  bonding, S i l a s t i c  140 i s  very s i m i l a r  t o  
RTV 118 and hence the  urethane base PR 1538 adhesive was s u b s t i t u t e d  f o r  
it. 
The above designated m a t e r i a l  p roper t ies  were obta ined over  a 
range from room temperature (%25OC) t o  - 173OC. The c o e f f i c i e n t  o f  thermal 
expansion was a l so  determined over  t he  e n t i r e  range between room tempera- 
t u r e  and -173°C so t h a t  a cont inuous curve f o r  t h i s  parameter cou ld  be 
establ ished.  Only l i m i t e d  data was obtained on the  shear modulus o f  
e l a s t i c i t y  o f  these adhesives, s ince  t h i s  i s  a l e s s  c r i t i c a l  parameter 
and the  scope o f  t h i s  program d i d  n o t  p e m i  t d e t a i l e d  eva lua t i on  o f  a1 I 
mate r ia l  p roper t ies .  
Various t e s t i n g  techniques were u t i l i z e d  t o  o b t a i n  the  adhesive 
ma te r ia l  p roper ty  data. Young's modulus and u l t i m a t e  t e n s i l e  s t reng th  
were obtained using cas t  adhesive specimens approximately 118 i n ,  t h i c k ,  
1 /4  i n .  wide, w i t h  a two-inch gauge length,  The specimens were s t r a i g h t ,  
rec tangu lar  sect ions r a t h e r  than the  dumbel 9 shape normal ly  u t i l  i zed  for 
el astomeric tens! 9 e specimens so t h a t  s t r e s s - s t r a i n  da ta  cou ld  be taken 
di rec t ly  f rom the  t e s t  machine head travel, This g r e a t l y  simplified 
testing a t  cryogenic temperatures, Each test p o i n t  was represented by 
f ive  specimens fo r  each adhesive. Both  i n d i v i d u a l  arid average values 
were documented. The t e s t  set-up f o r  these t e s t s  i s  shown on Figures 
3.9 A and D, The t e s t  specimens are shown an Fiqures 7,2 and 7.3. 
Figure 7.1 A 
F igure 7 , l  B T e s t  Set-up for Obtain ing U l t i m a t e  
Shear and Tensile S t r e n g t h  
7 - 3 
Figure 7 . 2  Test Set-up for  Obtaining Ultimate 
Tensile Strength 
Figure 7 $ 3  Test Set-up for Obtaining 
US timate Tensile Strength 
Previous1 y obtained experimental data (Reference 1 .2) i nd ica t ed  
that  a time function ( c ~ l d  soak time) greater than that  required to  reach 
equilibrium temperature a t  - 7 7 3 O C  exis t s  which may affect  measured ma- 
t e r i a l  properties. Definitization of the variation of adhesive properties 
during th is  transit ion phase was beyond the scope of the Phase 111 e f fo r t .  
However, during th is  t e s t  program, a cold soak time was selected which 
was in excess of the time required to  permit crystal l ine t ransi t ions of 
the material to occur. This data would become available during the course 
of l inear  coefficient of expansion determinations. Preliminary data in- 
dicated that  t h i s  t ransi t ion period was a t  least  one hour. 
Ul tiniate over1 ap shear strength was obtai ned usi ng specimens (Fig- 
ure 7.4) similar to  those described in ASTM Test Method D 1002. I t  i s  
probable that  specimen fai lure  occurred as a resul t  of exceeding the 
adhesive strength of the material, i . e ,  a t  the interface between the 
adhesive and substrate. Therefore, the specimens were fabricated such 
that  the adherence obtained i s  representative of high quality solar  array 
module construction. Again, each t e s t  point was represented by f ive  
t e s t  specimens. Individual and average values were documented. The 
t e s t  set-up for these t e s t s  i s  shown on Figures 7.5 and 7.6. 
The coefficient of l inear expansion measurements were made using 
the t e s t  set-up shown on Figure 7 . 7  which included a quartz tube d i l a -  
tometer in accordance with ASTM Test Method D 646 (Figure 7.8).  The 
measurements were made continuously over the temperature range from room 
temperature t o  -173°C and for a period of time of a t  least  one hour a f t e r  
reaching -973°C. A minimum of two complete determinations were made with 
each adhesive material and data points were continuously plotted on the 
X - Y  plot ter  shown on Figure 7 .9 .  
Shear modulus of e l a s t i c i ty  values were obtained by the torsion 
method described in ASTM D i 0 4 3  a t  appropriate temperatures between room 
temperature and -973"6, I k e  t e s t  set-up used i s  shown o n  Figure 7.10.  
A t e s t  matrix l i s t i n g  the candidate adhesives and critical material 
properties -that were to be obta ined fare shown i n  T a b l e  7 , 1 ,  
The outgass-ing charac"cerist-ics of the candidate adhesives were a l s o  
t o  be provjded, En general, t h i s  was based upon t e s t  data previously ob-  
tained a t  YRW Systems, The technique used t o  evaluate th i s  character is t ic  
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i s  to determine the weight l o s s  of the adhesive volat i les  a s  a function 
of time and temperature in a vacuum. Since these weights are  measured 
in a vacuum for  a given temperature, curves for  weight loss as a function 
of time can be drawn. A weight loss that  does not exceed 2 to  3% i s  con- 
sidered acceptable. The i n i t i a l  weight 1 oss i s  predominantly evaporation 
control 1 ed since the surface vol a t i  l es  are lo s t  f i r s t .  Subsequently, the 
weight loss i s  diffusion controlled and the r a t e  of weight loss decreases 
rapidly to  an insignificant value. 
7 .2  OTHER MODULE MATERIALS TEST PLAN 
Similar data for  the other module materials was desired in order 
to  investigate the spalling fa i lure  mode. These include the module sub- 
s t r a t e s ,  interconnectors, solder joints  and s i l icon c e l l s .  This data 
was obtained primarily by a survey of existing l i t e ra tu re  and material 
properties documentation available a t  TRW Systems Materials and Processes 
Department or in industry. A matrix of the data that  was to  be assembled 
i s  l i s ted  in Table 7.2. 
Every e f fo r t  was made to  provide data for  a l l  these materials 
over the specified temperature range of + 25°C to -173OC. In those cases 
where the data was lacking (part icular ly a t  cryogenic temperatures), 
estimates had to  be made. These values were compared with the cel lstack 
design analysis and the i r  impact upon the resul ts  evaluated in Section 5. 
7.3 MATERIALS PROPERTIES TEST EVALUATION 
The following data documents the experimental resu l t s  of the ma- 
te r ia l  properties evaluated during th i s  program phase. Because of the 
plast ic  character is t ics  of the four elastomeric adhesives, considerable 
d i f f icu l ty  was encountered in preparing adequate t e s t  specimens to  in- 
sure uniformity. For example, i t  proved to be quite d i f f i c u l t  to  prepare 
completely void (bubble) f ree  specimens. A large quantity of potential 
t e s t  specimens were prepared and closely examined in order to  obtain the 
relat ively few specimens which were ultimately tested,  Those that  were 
selected were representative o f  the qua1 i t y  o f  adhesive t h a t  would be 
obtained d u r i n g  normal solar cel l  bonding operations. 
The coefficient of expansion for  the four candidate adhesives was 

Figure 7.4 Lap Shear Specimen Configuration 
F i g u r e  7.5 T e s t  Set -up f o r  O b t a i n i n g  U l t i m a t e  
Over lap  Shear  S t r e n g t h  
Figure 7.6 Test Set-up for Obtaining Ultimate 
Overlap Shear Strength 
Figure 7 . 7  Test Set-up for Obtaining 
Coefficient of Thermal Expansion 
Figure 7.8 Dilatometer Used for Obtaining 
Coefficient of Thermal Expansion 
Figure 7.9 X-Y Plotter Used in Conjunction with 
Coefficient of Thermal Expansion Testing 
7-1 2 
Figure 7.10 Test Set-up for Obtaining 
Shear Modulus in Torsion 
determined over a t e m p e r a t u r e  range from + 25°C (+ 77'F) t o  -993'C 
(-280°F). The t e s t  set-up was in accordance with tha t  shown on Figures 
7.7 and 7.8. The t e s t  specimens had a nominal gauge length of 2 inches 
(5.08 cm). The procedure tha t  was followed was to  place the specimen 
in the dilatometer (Figure 7.8).  The specimen was then placed in a c h i l l -  
down capsule (Figure 7.7) with the upper portion of the apparatus exposed 
t o  room temperature. A copper-constantan thermocouple reference junction 
(32°F or  0°C) was ut i l ized t o  insure accurate temperature readings. A 
f i f teen  minute chilldown period was ut i l ized to  bring the t e s t  sample 
down to  - 173OC. A three hour warm-up period was used to  measure the 
change in specimen length as a function of temperature. A continuous 
readout was obtained and plotted on the X-Y  plot ter  (Figure 7.9).  Two 
t e s t  runs were made for  each adhesive specimen. This data has been in- 
corporated in Appendix B. Util izing t h i s  data,  Figures 7.11 to  7.14 
were prepared. These charts show the amount of contraction which occurred 
t~ each of the four adhesive t e s t  specimens as a function of temperature. 
These measurements were made using the quartz tube dilatometer in ac- 
cordance with ASTM Test Method D 646, except that  a l inear  different ial  
transformer was used t o  measure the movement of the specimen with tem- 
perature. The output from t h i s  transformer and the thermocouple attached 
t o  the t e s t  specimen were plotted on the X-Y  recorder. Two separate 
determinations were made for  each adhesive. I t  was found tha t  the second 
run in each case did not ident ical ly  duplicate the values from the f i r s t  
run. I n  a l l  cases, the amount of contraction experienced by the sample 
Qn the second run was l e s s  than that  experienced during the i n i t i a l  run. 
I t  i s  postulated that  the specimen cooldown ra te  was always fas te r  
during the second run. This was attributed to  the fac t  that  the mass of 
the t e s t  chamber was much colder a t  the in i t i a t ion  of the second run. With 
t h i s  fas te r  cooldown r a t e ,  i t  was assumed tha t  the b r i t t l e  point charac- 
t e r i s t i c s  were reached sooner and th i s  material property change reduced 
the contraction ra te  on a l l  of the second runs. 
During th i s  adhesive properties experimental t e s t  work a specially 
prepared t e s t  sample of  R I V  3145 was ob ta ined  from Dow Corning.  T h i s  
sample was 2.24 inches (5.69 cm) 1 ong. I t  had been prepared by subjectihg 
i t  to  a pressure of 90,000 psi.  This was done to  provide as void-free a 
sample as possible. Data from these t e s t s  have been included in Appendix 
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Figure 7.13 Change in Specimen Length as Function 
o f  Temperature - RTV 118 

&, In  general, the values for coe f f i c i en t  o f  expansion were -in the 
same range a s  f o r  those samples prepared by YRW Systems. This war a l s o  
t rue  despi te  subjecting the Dow Corning sdmple t o  a 24 hour aging process 
a t  260°F. I t  was noted, however, t h a t  i n  the temperature range from 
approximately - 22°F t o  - 70°F t ha t  a repeatable,  marked change in  the 
coef f i c ien t  of expansion occurred. I t  was f e l t  t h a t  t h i s  was due t o  a 
c ry s t a l l i ne  t r an s i t i on  which occurs in the  RTV 3145 adhesive in t h i s  tem- 
perature range and i s  only discernable on a comparatively void-free sample. 
This c ry s t a l l i ne  t r an s i t i on  occurrence had been noted previously a t  TRW 
Systems during e a r l i e r  t e s t ing .  
The value of the coef f i c ien t  of expansion over the  temperature 
range varied considerably. For example, f o r  Dow Corning RTV 3145, the 
values varied from 130 x (+80°F t o  -60°F) t o  2.4 x 1 om6 (-160°F t o  
-300°F). In addi t ion,  these represented average values over the tempera- 
tu re  ranges involved s ince  the temperature versus specimen contraction 
curves (Figures 7.11 t o  7.14) f o r  a1 1 the  adhesive samples were non-1 inear .  
In any assessment of the  spall ing problem, i t  i s  important t o  take t h i s  
var ia t ion i n to  account. 
The experimental values f o r  the  coef f i c ien t  of l i nea r  expansion f o r  
the four adhesives evaluated a re  summarized in Table 7.3. Since the  
values a l so  varied from Run No. 1 t o  R u n  No. 2 on the same specimen, i t  
i s  suggested t ha t  the average of the two values be u t i l i zed  fo r  thermal 
differentia.1 expansion and s t r e s s  analyses determinations. 
The ultimate t e n s i l e  strength and modulus of e l a s t i c i t y  fo r  the 
four adhesive types were obtained. The r e su l t s  a r e  given in Table 7.4. 
Both of these values increased in magnitude as the temperature was re-  
duced, A drop-off in  ultimate t e n s i l e  strength was noted a t  - 2 9 5 O F  f o r  
both  R T b 3 1 4 5  and PR-5538, Phis hov~ever-, may have. beer1 due to the  l a c k  
o f  homagenity i n  the p r e p a r a t i o n  o f  the specimens, This could produce 
tnn interndl , local slree;s cnncen"l;ratio~, wh-ich under tire b r i t t l e  charac-  
te r i s t ics  t h a t  e x i s t  i n  these d d h e s i v e s  a t  low temperdture cou ld  cause 
a p rematu re  t ens i le  failure, 
TEMPERATURE RANGE 
ADHESIVE 
TVPE 
RUN 
NO. 
Dow Corning 
RTV 3145 
General Electric 
RTV 51 11577 
General E l  e c t r i c  
RTV 118 
Product Research 
PR 1538 
However, since t h i s  lack s f  homagenity i n  the adhesives could also 
occur during actual production operations, the use of the lower values 
i s  recommended to be conservative. Additional data obtained for these 
adhesives included the room temperature Shore A hardness. These hardness 
measurements were obtained using the ASTM D 1706 test ing procedures. 
These values are also shown in Table 7.4. 
7.3.3 Lap Shear Ultimate Strength and Shear Modulus of Elast ic i ty  - 
Adhesives 
The lap shear ultimate strength for  the four candidate adhesives 
was obtained using the specimen configuration shown in Figure 7.4 and the 
t e s t  set-up shown in Figures 7.5 and 7.6. The resu l t s  a re  given in Table 
7.5. Two types of ce l l s  were used to  obtain the e f fec ts  of random and 
preferred crystal  orientation. The "Heliotek" cell  i s  a preferred crystal  
orientation type and the "Centralab" cel l  i s  of the random crystal o r i -  
entation type. There were four typical fa i lure  modes as follows: 
(1) Adhesive Failure (Bonding) 
( 2 )  Cohesive Failure (Adhesive Shear) 
(3) Cell Breakage (Cell Shear) 
(4 )  Entire Cell ( top) pulled off with no breakage of ce l l  (Adhesive Shear of SiO Bond) 
These fa i lure  modes, together with the i r  corresponding lap shear 
ultimate values are depicted in Table 7.5. As can be noted, in most cases 
the fa i lure  was due to  a cohesive f a i lu re  (shearing of the adhesive) or 
cell  breakage). The only adhesive fai lures  occurred with RTV 591/577 in 
the -150°F and -250°F ranges. I t  should be noted that  the fourth f a i lu re  
mode was an adhesive bond or Silicon Oxide coating fa i lure  of the top of 
the ce l l .  Each s ~ l a r  cell  was bonded face down to MTL-P-18177, Type GE 
epoxy laminate t e s t  coupons. A similar t e s t  coupon was then bonded with 
the candidate adhesive to  the back s f  the solar cell  to a distance of 
approximately 1 /2 o f  the length of the c e l l .  I t  was intended that  t h i s  
approach would ensure t h a t  the shear failure would occur a t  the back of 
t he  solar eel I .  However, many of  the t es t  specinrerrs f a i l ed  i n  tenston 
during t e s t  or the adhesive fa i led  on the t o p  surface o f  the solar  c e l l ,  
Since a cohesive fa i lure  or an adhesive fa i lure  a t  the t e s t  specimen - 
substrate interface represents the true bond strength of the candidate 
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* C E L L  TYPE ** FAILURE MODE 
W - Wel io tek  Cel I 9. Adhesive Fai l ure 4. Entire Cell ( t o p )  
6 - Cent ra lab  Cell 2. Cohesive Fai  lure  p u l  led o f f  w i  t h  no 
3. C e l l  Breakage breakage o f  c e l l .  
.r C, 
* c 
rd '3 
'w ,.r 
lz S- 
4Q) o 
C3 't- 
o Lr-= 
adhesive, a l l  values g iven i n  Table 7 - 5  which are  noted t o  be o the r  
than f a i l u r e  modes 1 o r  2 represent  minimum ( i  .e. conservat ive)  values. 
F a i l u r e  o f  t he  upper sur face bond was a t t r i b u t e d  t o  the  notch s e n s i t i v i t y  
o f  the PR 1538 adhesive t h a t  was used o r  poor bonding of the  s i l i c o n  
ox ide coat ing.  
The scope o f  t h e  program d i d  n o t  permi t  a complete eva lua t i on  o f  
t he  shear modulus o f  e l a s t i c i t y  f o r  a l l  t he  candidate adhesives. How- 
ever, a t e s t  apparatus was fab r i ca ted  t o  o b t a i n  t h i s  da ta  f o r  two o f  t he  
adhesives. The t e s t  apparatus t h a t  was fab r i ca ted  t o  ob ta in  t h i s  data 
was i n  accordance w i t h  ASTM D 1043 and i s  shown i n  F igure 7.10. The 
modulus o f  t he  adhesives a t  room temperature was t o o  low t o  be recorded 
by the t e s t  equipment. Two determinat ions were made a t  cryogenic tempera- 
tu res ,  as fo l lows:  
e GE RTV 5111577 - 825 p s i  a t  -150°F ( -  1 0 1 " ~ )  
e PR 1538 - 137,000 p s i  a t  -130°F ( - 90°C) 
Using t h i s  t e s t  apparatus i t  was n o t  poss ib le  t o  ob ta in  adhesive 
specimen temperatures below those i n d i c a t e d  above. A l a r g e  mass o f  a lumi-  
num i n  the t e s t  apparatus remained ou ts ide  of the  low temperature chamber. 
Due t o  the  h igh  thermal c o n d u c t i v i t y  o f  the  aluminum, the  t e s t  equipment 
could n o t  achieve lower temperatures. A d i f f e r e n t  type o f  t e s t  apparatus 
o r  b e t t e r  methods of i n s u l a t i o n  are  requ i red  before readings t o  - 275OF 
( -  171°C) can be obtained. 
The outgassing c h a r a c t e r i s t i c s  f o r  t h e  f o u r  candidate adhesives 
was obta ined w i t h  respect  t o  the  steady - s t a t e  r a t e  o f  weight l o s s ,  The 
data i s  shown on Figures 7.15 t o  7.18, The t e s t  temperature was 200°F 
(93.3"C) which i s  s l i g h t l y  lower than t h a t  prescr ibed i n  Sect ion 3 o f  
Reference 7.3, This  s l i g h t l y  lower temperature was n o t  considered t o  
be s i g n i f i c a n t  i n  view o f  t h e  very low values o f  s teady-state r a t e  weight 
losses obta ined ,  These are tabula ted  as  fellows: 
Figure 9 - 1 5  Weight Loss Rate  Vs, Time 
f o r  RTV 3145 
TOTAL WEIGHT LOSS 3.30 PERCENT 
1 
TIME (HOURS) 
F i gu re  7,;6 Heigh t  Loss Rd"t Vs. Pirne 
for  RTV 511/577 
96 HOURS AT ROOM TEMPERATURE 
SPECIMEN DIMENSIONS: 1 .OO x 0.425 x 0.130 INCHES (2.54 x 1 . 0 8 ~  0.33 CM) 
INITIAL WEIGHT: 0.9693 GRAMS 
TEST TEMPERATURE: 200'~ 
TEST PRESSURE: 1 x lom6 TORR 
TEST DURATION: 162 HOURS 
TOTAL WEIGHT LOSS: 1.42 PERCENT 
Figure 7 .17  Weight Loss Rate Vs, Time 
for  R I V  118 
TEST MATERIAL: 
I 
CURE: 
SPECIMEN DIMENSIONS: 
INITIAL WEIGHT: 
TEST TEMPERATURE: 
- 
TEST PRESSURE: 
TEST DURATION: 
TOTAL WEIGHT LOSS: 
STEADY STATE WEIGHT LOSS: 
I 
i 
PR- 1538A A N D  13 
I 
16 HOURS AT 180'~ 
1.70 x 1.10 x 0.020 INCHES 
(4.32 x 2.79 x 0.0508 CM)  
0.6960 
200'~ 
1 x TORR 
239 HOURS 
2.7 PERCENT 
0.000287 %/CM*/HR 
TIME (HOURS) 
Figure 7,58 Weight Loss Rate Vs. lime 
for PR 1538 
- - 0.04 (Allowable Value per Ref. 7.3)  . 
RTV 3145 0.0000336 
RTV 531 (RTV 511/577 s imi la r )  8.0001 445 
DC-731 (RTV 118 s imi la r )  0.0001 97 
As may be noted a19 the candidate adhesive were found t o  be well 
below the maximum allowable value. I t  i s  noted t h a t  f o r  the Apollo 
Telescope Mount (ATM) program tha t  Reference 7.3 r a t e s  RTV-118 as  ac- 
ceptable and RTV-511 o r  RTV-577 as  unacceptable. RTV-3145 and PR 1538 
were not evaluated in Reference 7.3. However, based upon the l imited 
outgassing t e s t i ng  conducted during t h i s  program, a l l  four candidate 
adhesives should prove sa t i s fac to ry  f o r  most appl ica t ions  including 
the  1 unar surface case. 
The propert ies f o r  the other  typical  mater ia ls  used in so l a r  ar ray 
modules were obtained by a survey of ex i s t ing  data.  These other material 
propert ies have been l i s t e d  in  Table 7.6,  The t ab le  provides t h a t  data 
which was avai lable  and considered t o  be representa t ive  f o r  the tempera- 
tu re  conditions speci f ied .  Because of the c r y s t a l l i n e  s t ruc tu re  of 
s ingle  c rys ta l  s i l i con  c e l l s ,  i t  i s  possible t o  ge t  qui te  a wide range 
of ul t imate t e n s i l e  s t rengths  (19000 t o  k?8000 ps i ) .  This material prop- 
e r t y  i s  very s ens i t i ve  t o  the method used in growing the s i l i con  ingot 
and a l so  the etching technique u t i l i z ed ,  The value shown in Table 7.6 
i s  the minimum estimated one and hence should be conservative fo r  design 
use, The analys is  of Section 5.2  u t i l i z ed  t h i s  lower value in es tab l i sh -  
ing the spal l ing f a i l u r e  mode, The graphite composite - Morganite Type 
I I  material properties are influenced by the f iberglass  epoxy m a t r i x  
t h a t  the  filaments are bonded t o ,  I n  dddition, the techniques and pro- 
cesses used to make these composite substrate facesheets can a l s o  i n -  
fluence t h e  overall material prcrpertl 'es. I n  bs"k;h l'ristances, select ive 
material sample t e s t i ng  i s  recornended t o  insure t h a t  the required mini- 
m u m  material propert ies have been obtained. 
8, ENGINEERING PEST MODULE DESIGN 
Three Engineering Test Modules were designed and designated ETM I A ,  
ETM I I A ,  and ETM SIIA, Three subs t ra te  facesheet m a t e r i a l s  were rep re -  
sented, namely; F iberg lass,  Kapton, and g raph i te  composite. 
En o rde r  t o  accommodate a l l  o f  t h e  poss ib le  combinat ions o f  c e l l  
type, so lder  s ta tus ,  in te rconnec ts ,  bond spot  th ickness and area, and 
bond adhesive type, each module conta ined a m a t r i x  o f  400 c e l l s  arranged 
t o  p rov ide  a c ross-mat r i x  o f  c h a r a c t e r i s t i c s  as shown i n  F igure  8.1. 
The c e l l s  covered an area o f  16.37 x 16.70 inches on subs t ra te  
panels t h a t  a re  e i t h e r  19.5 x 19.5 inches o r  20 x 20 inches, a l l o w i n g  a 
r i m  around t h e  edge w i t h o u t  c e l l s  f o r  hand1 i n g  and mounting t o  t h e  s t r u c -  
tural-dynamic t e s t  f i x t u r e .  
A summary o f  c h a r a c t e r i s t i c s  represented i n  t he  m a t r i x  i s  as 
f o l l ows :  
Ce l l  Type 
C e l l  M a t e r i a l  
Solder S ta tus  
2 cm x 2 cm x 0.010 i n .  t h i c k  
S i l  icon-Random Crys ta l  O r i e n t a t i o n  
S i l i con -P re fe r red  Crys ta l  O r ien ta -  
t i o n  
Sol der  Backed 
Non-sol der  Backed 
In te rconnec t  Status In terconnected 
Non-interconnected 
Bond Spot Area 8% C e l l  Area 
18% C e l l  Area 
32% C e l l  Area 
70% C e l l  Area 
Bond Spot Thickness 0.005 i n c h  
0.010 i n c h  
Adhesive Compounds RTV 3145 
RTV 511/577 (50-50 m ix )  
RTV 198 
PR 1538 
8,1 ALUMINUM BOX BEAM FRAME/F%BEKGLASS FACESHEET MODULE (ETM 1/41 
This module concept u t i l i zes  a Fiberglass facesheet substrate con- 
s i s t i n g  o f  an aluminum e x t r u s i o n  box beam frame welded a t  t h e  corners.  
The F iberg lass  facesheet i s  p u t  under t ens ion  and bonded t o  t h e  aluminum 
box beam frame w i t h  adhesive and a r i v e t e d  aluminum cap p l a t e .  The s i l i c o n  
0-1 
ce l l s  are bonded to  the facesheet in the pattern shown on Figure 8 , l ,  The 
overall ETM 18 design i s  shown on Figure 8,2.  
8.2 FLEXIBLE KAPTON SUBSTRATE - ALUMINUM HONEYCOMB ENDPLATES (ETM IIA) 
This module concept u t i l izes  a  f lex ib le  Kapton sheet substrate with 
aluminum honeycomb endplates to  provide for  support and stowage during 
structural dynamic testing. 
The solar c e l l s ,  arranged in orthogonal rows, are  bonded d i rec t ly  t o  
the Kapton substrate with bond spots dimensioned as out1 ined in Figure 8.1. 
The overall ETM IIA design i s  shown in Figure 8.3. 
8.3 ALUMINUM HONEYCOMB-GRAPHITE/EPOXY COMPOSITE (ETM I IIA) 
This module concept u t i l izes  an aluminum honeycomb core and a  graphite/ 
epoxy composite facesheet substrate panel. 
I n  t h i s  substrate concept, the facesheets are theoretically e l ec t r i -  
cal ly  self-insulating by virtue of the epoxy resin matrix. However, in 
actual practice,  the presence of suff ic ient  thickness of epoxy on the sur- 
face graphite filaments to  prevent some contact and electr ical  leakage 
i s  not suff ic ient ly  rel iable .  Therefore, a  Kapton film d ie lec t r ic  sheet 
as described in Section 4.4.3 was used to  insulate the s i l icon ce l l s  from 
the facesheet. The solar ce l l s  are similarly arranged in accordance with 
the matrix shown on Figure 8,1. The overall ETM IIIA design i s  shown in 
Figure 8.4. 
8.4 SOLAR C E L L  SUB-MODULE CELLSTACK DESIGN 
The candidate solar  cell  sub-module cellstack design consisted of 
two 2 x 2 cm c e l l s  in parallel by f ive 2 x 2 cm si l icon ce l l s  in ser ies  
for a  total  of ten c e l l s  per sub-module. The cell  dimensions are nominally 
2 2  0.788 x 0.788 inches and have an active area of 0,589 in (3.80 cm ), The 
' inches. The base r e s i s t iv i ty  of ce l l s  have a thickness s f  0,030 ---. 
these ce l j s  was not considered t o  be a c r i t i c a l  parameter during t h i s  
program phase, Hence, b a t h  2 ohm-cm and 10 ohm-cm cel ls  were considered 
zcceptable and the use o f  e i ther  type was based upon their availability, 
Typical e lec t r ica l  power character is t ics  for these 2 x 2 cm s i l icon  
cell  s a t  28'6 and AM0 conditions are 470 mv x l  24 ma ( 2  ohm-cm) and 430 
mv x 128 ma (10 ohm-cm). With both 5% glassing losses degrading the voltage 

o u t p u t  and an additional 5% assembly loss assumed for  the current ,  the 
nominal e l ec t r i c a l  output for the candidate submodule would be 2 -35  v 
x 228 ma ( 2  ohm-cm) and 2.95 v x 235 ma ( S O  ohm-cm) respectively.  The 
beginning-of-1 i f e  ( B O L )  power output f o r  each 10 ce9 1 sub-modul e would 
range from 0.506 t o  0.535 watts.  For the configuration shown on Figure 
2 4.12, t h i s  corresponds t o  a Bob power density of 11.0 t o  11.6 w a t t s l f t  . 
The interconnector design f o r  the  sub-module i s  a l so  shown on Figure 
4.12. I t  consis ts  of a common U-shaped configuration (Figure 4.13) t o  
connect the inner sub-module c e l l s .  A posit ive and negative bus bar 
(Figures 4.14 and 4.15) i s  provided f o r  each so la r  c e l l  sub-module. By 
grouping these sub-modules in s e r i e s  the desired overall  module voltage 
can be obtained. The interconnect configuration has been designed so 
t ha t  the soldering pat tern  fo r  both the  U-shaped connectors and the  bus 
bars a r e  amenable t o  the  use of automated soldering techniques. This 
i s  an important cos t  reduction considerat ion where large  area so l a r  
arrays a r e  involved. Thus, while the  bus bar tooling creates  e igh t  
solder holes in each element, only s i x  of these holes will be solder  t o  
the ce l l  solder  zone. 
A thermal s t r e s s  analys is  of the  sub-module common interconnectors 
was conducted (Appendix A ) .  The r e s u l t s  indicated t h a t  the expansion 
loops incorporated in t h i s  design were adequate t o  prevent any occurrence 
of thermal d i f f e r en t i a l  s t resses .  St resses  i n  the  bus  bars and the  solder 
jo in t s  i n  the region lacking expansion loops were found t o  be acceptable. 
A design margin in excess of 2 was estimated t o  e x i s t  f o r  both the  Kovar- 
s i l i con  thermal in teract ion and the  interconnect induced load on the  solder 
j o in t .  However, due t o  the s t a t i c a l l y  indeterminant configurations 
associated with the overall  interconnector design, the thermal vacuum 
t e s t s  a r e  required t o  ul t imately confirm the adequacy of t h i s  design, 
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9, ENGINEERING TEST MODEL FABRICATION 
9 , 1  MANUFACTURING CONSIDERATIONS 
The three  Engineering Test Models (Figure 8.2, 8.3, and 8 .4)  f ab r i -  
cated during t h i s  program phase u t i l i z ed  s imi lar  materials  and manufactur- 
ing techniques as employed during Phase 11. However, the standard 30 inches 
x 48 inches (76.2 cm x 123 cm) module bui l  t during t h i s  e a r l i e r  phase was 
reduced t o  a nominal 20 inches x 20 inches (50.8 cm x 50.8 cm) , t o  s t ay  
within the scope of t h i s  Phase I11 e f f o r t .  
The main emphasis during t h i s  phase was t o  evaluate the spa l l ing  
f a i l u r e  mode which occurred during thermal-vacuum tes t ing  in  Phase 11, 
However, i t  was a l so  found des i rable  t o  evaluate the design i n t e g r i t y  of 
the ce l l s t ack  interconnects and solder  j o in t s  as depicted in Figures 4.12 
t o  4.15. These designs differed from those used in Phase I1 (Reference 
1.2) and confirmation of t he i r  a b i l i t y  t o  meet lunar surface power system 
environments was considered essent ia l  f o r  t o t a l  evaluation of the c e l l -  
stack design. In addi t ion,  because 2 cm x 4 cm c e l l s  have been found 
cost -effect ive  f o r  use on large area so l a r  ar rays ,  two sub-modules using 
these s ize  c e l l s  were added t o  each Engineering Test Model ce l l  matrix i n  
the regions where RTV 3145 adhesive was t o  be employed. 
The process methods and procedures u t i l i z ed  in fabr ica t ing the  
ETM's were s imi lar  t o  those t ha t  would be u t i l i z ed  in  standard TRW Systems 
so la r  array manufacturing operations. However, because of the g rea t  
var ie ty  of adhesives types, thicknesses and dot diameters, as well as ce l l  
s i ze  ( 2  cm x 2 cm and 2 cm x 4 cm), c e l l  mounting ( f l a t  laydown and over- 
I ap) and cel l interconnecting (both i nterconnected and non-i nterconnected 
types) ,  these standard production techniques were modified to  be compatible 
with these configurations . 
9,1,1 
The ETM IA b u i l t  d u r i n g  t h i s  program phase wds s i m i l a r  t o  t h e  
alurril'rrum box-bearn/Piberg7ass l a t t i c e  diaphragm c o n f  igurats'un (ETM I - 
Appendix 6 of Reference 21, b u i l t  d u r i n g  Phase T I  w i t h  t h e  following ex- 
ceyt-isns: 
( a )  a one piece f iberglass  diaphragm was subst i tu ted fo r  t he  
f i  berg1 ass tape 1 a t t i  ce 
(b )  the box beam framewasmade f rom1.0  i n  x 1,0 i n  ~ 0 , 9 2 5  i n  
wa l l  thickness 6063-152 a l  uminum a1 1 oy tub ing  ins tead o f  1 ' 5 0  
i n  x  0.75 i n  x 0.025 i n  w a l l  thickness 6063-T6 aluminum a l l o y  
ex t rus ions  
These changes were made t o  be cons i s ten t  w i t h  the  scope o f  t he  pro- 
gram. The s t r u c t u r a l  i n t e g r i t y  o f  t h i s  design had been proven du r ing  
Phase I 1  and d u p l i c a t i n g  these more soph is t i ca ted  f a b r i c a t i o n  techniques 
would unnecessar i ly  increase manufactur ing costs. The prime cons idera t ion  
i n  p e r m i t t i n g  these changes, was t o  assure u t i l i z a t i o n  o f  a  subs t ra te  ma- 
t e r i a l  i n  the c e l l  mounting area t h a t  had i d e n t i c a l  p rope r t i es  t o  the  
p rev ious l y  tes ted  con f i gu ra t i on  (ETM I o f  Phase I I ) . 
The f i b e r g l a s s  diaphragm was bonded t o  the  aluminum box beam frame 
using the  adhesive and processes c a l l e d  ou t  i n  TRW System S p e c i f i c a t i o n  
PR 4-18 Type V I .  The diaphragm was kept  under a  tens ion  load o f  20.4 1bs. 
per 1  i n e a l  i nch  perpendicular  t o  t he  box beam frame edges. A r i v e t e d  
cap s t r i p  was placed over the ou ter  edges o f  the  diaphragm. F i n a l l y ,  
a f t e r  s u f f i c i e n t  t ime had been a l lowed f o r  adhesive bond cur ing ,  t he  
t e n s i l e  loads were removed and the  surp lus diaphragm mate r ia l  was trimmed 
o f f .  Under these condi t ions,  the n a t u r a l  frequency o f  t he  pre-stressed 
diaphragm was est imated t o  be 124 Hz. (See Appendix C ) ,  
A1 1  the  s i  1  i c o n  c e l l  s  were mounted t o  the f i  berg1 ass diaphragm i n  
accordance w i t h  the  c e l l  ma t r i x  shown on Figure 8.4. A l l  c e l l s  were 
i n d i v i d u a l l y  numbered p r i o r  t o  bonding them t o  the  subs t ra te  f o r  f u t u r e  
i d e n t i f i c a t i o n .  The adhesive do t  diameters were var ied  w i t h  f o u r  s p e c i f i c  
values u t i l i z e d ,  namely; 0.25 i n . ,  0.38 i n . ,  0.50 in , ,  and 0.75 i n .  d ia.  
The drawing s p e c i f i e d  to lerance on these diameters was - + 0.03 inches. 
While i t  was n o t  always poss ib le  t o  h o l d  the  nominal d o t  diameters t o  
t h i s  to le rance due t o  v a r i a t i o n s  i n  the  v i s c o s i t y  o f  t he  adhesives, the  
to lerance t h a t  was maintained f o r  t he  ac tua l  d o t  diameter i n  each o f  t he  
c e l l  ma t r i x  designated regions was - + 8,050 i n ,  S i m i l a r l y  t he  nominal 
adhesive thicknesses (6,805 i n ,  and 0,810 in , )  were maintained t o  approxi -  
mately - + 0.002 in , ,  about a given ""a fabricated" "actual thickness, 
The completed EM I A  i s  shown i n  Figures 9,1 and 9-2 .  The adhesive 
do t  p a t t e r n  i s  v i s i b l e  on Figure 9.2, 
Figure 9.1 Front View of Engineering Test 
Model IA (Fi bergl ass  Substrate)  
Figure 9,2 Rear View Q% Engineering Test 
Model IA ( F i  bergl ass Substrate)  
9-3 
9,9,2 
The E I M  I I A  b u i l t  du r i ng  t h i s  program phase was very  s i m i l a r  t o  
t he  f 1 e x i  b l  e  Kapton modules w i t h  the  a1 umi num honeycomb endpl a tes (ETM 
I 1  - Appendix C o f  Reference 2) ,  b u i l t  d u r i n g  Phase 11. The main d i f f e r e n c e  
were t h a t  one o f  t he  f l e x i b l e  Kapton modules was e l im ina ted  f o r  economy 
reasons and the  o v e r a l l  unfo lded dimensions were nomina l l y  19.5 i n .  x  
58.5 i n .  (49.5 cm x 148.5 cm). The manufactur ing techniques used were 
i d e n t i c a l  t o  those employed i n  Phase I 1  and no d i f f i c u l t i e s  were encountered. 
S i m i l a r  t o  ETM I A ,  a l l  t he  s i l i c o n  c e l l s  were mounted t o  the  Kapton 
subs t ra te  i n  accordance w i t h  t he  c e l l  m a t r i x  shown on F igure  8.4. Because 
o f  t h e  f l e x i  b i l  i t y  o f  t he  Kapton, care was requ i red  i n  hand1 i n g  t h i s  con- 
f i g u r a t i o n  i n  the un fo lded cond i t i on .  The p a r t i a l l y  un fo lded ETM i s  
shown i n  F igure  9.3. The f u l l y  f o l ded  (stowed f o r  launch opera t ions)  
c o n f i g u r a t i o n  i s  shown on F igure  9.4. Th is  ETM i s  normal ly  handled and 
shipped i n  t he  stowed cond i t i on .  Polyurethane foam coverd w i t h  a lumin ized 
mylar  padding i s  p laced on bo th  s ides o f  the  Kapton module be fore  i t  i s  
clamped between t h e  two aluminum endplates. 
9.1.3 Factors E f f e c t i n g  ETM I I I A  
The ETM I I I A  b u i l t  du r i ng  t h i s  program phase u t i l i z e d  i d e n t i c a l  
m a t e r i a l s  and manufactur ing processes t h a t  were employed i n  f a b r i c a t i n g  
the  g r a p h i t e  composite module (ETM I I I - Appendix C o f  Reference 1 - 2 )  
b u i l t  d u r i n g  Phase 11. The manufactur ing and process c o n t r o l  experience 
gained d u r i n g  t h i s  e a r l i e r  phase r e s u l t e d  i n  t h e  produc t ion  o f  h igh  
qua1 i t y ,  un i f o rm tex tu red  g raph i te  composite facesheets. This  can be 
seen i n  F igures 9.5 and 9.6 where the  u n i f o r m i t y  can be judged by the  
b lack  appearance of t h e  h igh  d e n s i t y  of g raph i te  f i l amen ts  i n  t he  f i b e r -  
g lass epoxy m a t r i x .  The completed ETM module i s  shown i n  F igure 9.7. 
9.1.4 Factors E f f e c t i n g  the  In te rconnec t  and Bus Bars 
The in te rconnec ts  and bus bars used du r i ng  t h i s  program phase were 
e n t i  r e l y  redesigned f rom the  c o n f i g u r a t i o n  used du r i ng  Phase 11 (F igure  
7,15 s f  Reference l ,2). The common in te rconnec t  used between i n d i v i d u a l  
ce l l s  (Fiigure 4 , 1 3 )  were made f r o m  0,001 i n ,  t h f c k  Kovar ( i ron-nickel -  
c o b a l t  a l l o y ) .  This  c o n f i g u r a t i o n  was used on a11 the  f l a t  Saydswn 
c e l l s .  The 2 cm. x  4 cm c e l l s  were assembled i n  an over lap  fash ion  and 
Figure 9.3 Front View 07 Engineering Test Model 
IIA (Kaptsn Substrate) 
Figure 9.4 Top V iew  o f  Engineering Pest 
Model I I A  Endpl a t e  (A1  umi  num 
Honeycomb w i t h  A1 umi  num Facesheets) 
used a s imi lar  interconnect (Figure 9,8), Because o f  t h e  everlap con- 
f i g u r a t i o n ,  t h e  l e n g t h  o f  t he  common i n t e r c o n n e c t  i n  t h i s  case was 
shor tened f rom 0.22 i n ,  t o  0,153 i n .  En a d d i t i o n ,  an expansion l o o p  
was added t o  compensate f o r  t h e  reduced l eng th ,  
The p o s i t i v e  and nega t i ve  bus bars  used f o r  t he  2  cm x  2  cm c e l l s  
a re  as shown on F igures  4.14 and 4.1 5. These were designed t o  connect 
groups o f  sub-modules toge ther ,  which cons i s ted  o f  2  c e l l s  i n  p a r a l l e l  
and f i v e  ( 5 )  c e l l  s  i n  se r i es .  The bus bars  f o r  t h e  2  cm x  4  cm c e l l  s  
which cons i s ted  o f  sub-modul es o f  1  c e l l  i n  para1 l e l  by f i v e  ( 5 )  c e l l s  
i n  s e r i e s  were made f rom t h e  same t o o l i n g  as those shown on F igures  9.9 
and 9.10. These bus bars  had been used on a p rev ious  TRW Systems pro-  
gram ( P r o j e c t  777) and w i t h  minor  m o d i f i c a t i o n s  were used f o r  t h i s  p ro -  
gram. F i n a l l y ,  w h i l e  n o t  used on t h i s  program, F igures  9.11 and 9.12 
rep resen t  improved ve rs i ons  o f  nega t i ve  and p o s i t i v e  bus bars  s u i t a b l e  
f o r  use w i t h  e i t h e r  2  cm x  2  cm o r  2  cm x  4  cm c e l l s .  These improved 
c o n f i g u r a t i o n s  use a  reduced he igh t ,  s o l d e r i n g  t a b  ( f r om 0.110 i n  t o  
0.080 i n )  and a  new s t r e s s  r e l i e f  l o o p  t o  1  i m i t  s o l d e r  w i c k i n g  a c t i o n  
and t o  assure maintenance of f l e x i b i l i t y  r e q u i r e d  f o r  thermal d i f f e r e n t i a l  
expansion requi rements.  
Because f o r  c e r t a i n  a p p l i c a t i o n s  ( f l e x i b l e  f o l d u p  o r  r o l l  -up a r rays ) ,  
t h e  s o l d e r i n g  tabs  on t he  bus bars  may n o t  be des i r ab le ,  i t  i s  p o s s i b l e  
t o  r e p l a c e  t h e  bus b a r  c o n f i g u r a t i o n s  o f  F igures  9.11 and 9.12 w i t h  a  
mu1 t i p l e  number o f  U-shaped i n te r connec t s  as shown on F igu re  9.8. For 
these  l a t t e r  cases, cons ide ra t i on  should be g iven  t o  t h i s  s u b s t i t u t i o n  
i n  bo th  t h e  des ign  and f a b r i c a t i o n  stages. 
Figure 9.5 Fron t  View o f  Graphi te  Composite 
Substrate f o r  Engineering j e s t  Model 
IIIA 
Figure  9,6 Rear View o f  Graphi te  Composite 
Substrate f o r  Engineering Test 
Model I b i A  
9-3 
Figure 9.7 Front View of Engineering 
Test Model IIIA (Graphite 
Composite Substrate) 
V) 
r- 
Lr- 
8 Cr, 
+-a 
-Q c 
io Q 
B) U 
G 
E J F - -  
0 *r ,--- 
Urn a, 
L I-- 
w E- 
4-J U cCI 
c L 
W N  m 
kl 
L= X 
0 I= 
E E 
E rs 
8 09 
U N -  
a3 
C n  
a3 
L 
3 
rn 
"P 
kg- 


0 3 0  2 . 0 0 5  
060 + .005 
8 PLACES 16 H O L E S  
16 PLACES 
,060 R 
7 P L A C E S  7 P L A C E S  
.040 TYP R E F  
. O l O  R 
14 P L A C E S  
, 0 4 0  TYP REF 
8 PLACES A 
. I io, 8 PLACES I 
.0 10 R 1 
-080 \ . O l O  R 
8 PLACES 16 PLACES 
,005 
PLACES 
D E T A I L  A &- gEFERENCE PRINT 
S C A L E  : IO/I WfIGURAION ISSUED & DATA MANAGEMENT 
OCT 1 3  1970 
IU WOT BE lnniWTAiNEO CURREnt 
NO PHASE TRANSFORMATION S H A L L  OCCUR 
IN THE MATERIAL BETWEEN l lOO°C  AND - 190°C  
a ONLY PIECE PART SEPARATION. EDGES MAY REMAIN UNPLATED 
a SOLDER PLATE AND FUSE PER P R 6 - 5  - 2 ,  EXCEPT PARA 3.3 A N D  
PARA 3.4.2, I 4 I C K E L  S T R I K E  , 0 3 0 0 3  MAX AXD COPPER PLATE . 0 0 0 0 5  TO 
. 0 0 0 1 5  PER M I L - C -  1 4 5 5 0  USING CYANIDE TYPE PYROPHOSPHATE OR 
ROCHELLE COPFEFl UNDE2 PLATI N S  EATH.  S O L D E R  P L A T E  
.08408 TO . 0 0 0 2 ,  MEASURED EEFORE FUSING 
I. IDENTIFICATION MARKING PER PR U.1. 
TfPE 2 CUSS-!&-PART HUMBEW -- 
NOTES C I N L S S  OTHERWISE SPECIFIED 
Figure 9,11 Improved Pssi t i  ve Bus Bar 
f o r  2 em x 4 em ( 2  i n ,  
P a r a l l e l )  S i l i c o n  Cells 
c 
0 
w U 
LS -,-- 
ca Er- 
O .r 
w V) 
.Zd'.--. 
-v X F  
rb a, 
osEi-= 
w O F  
z (d 
0.J L 
(d 
cU La- 
> o 
0%- L= V) 
90, E N G I N E E R I N G  TEST MODEL TEST EVALUATION 
1 . 1  TEST OBJECTIVES 
The primary purpose of the t e s t  program, during th is  phase of the 
development e f fo r t ,  was to  attempt t o  correlate the analytical model for  
the spa1 1 ing fa i lure  mode with experimental data. The three Engineering 
Test Module cel ls tacks,  each consisted of a suff ic ient  number of variations 
in materials and material properties to  span the range of parameters 
assessed in the analytical model. These included a l l  the material variables 
depicted on the ETM cellstack matrix (Figure 8.1 ) .  In addition, the e f fec t  
of three substrate material s ( f i  berg1 ass, Kapton, and graphite composite) 
was also evaluated. The previous spalling fai lures  had occurred during 
thermal -vacuum testing (Reference 7 . 2 ) .  The temperature profi 1 e used 
simulated the array temperature range on the lunar surface (Figure 4.1 1 ), 
An additional t e s t  objective was to  check the structural integri ty  
of the common interconnects, positive and negative bus bars and the i r  
solder joints . Both structural -dynamic and thermal -vacuum testing (Ref- 
erence 7.2) were conducted to  evaluate these components of the cellstack 
design. 
As in Phase 11, the structura,l-dynamic t e s t  operations preceeded 
the thermal -vacuum test ing.  In addition, e lec t r ica l  performance charac- 
t e r i s t i c s  (I/V curves) were obtained for  a l l  the e lec t r ica l ly  interconnected 
sub-modules on each ETM, before and af te r  completion of the vibration t e s t s .  
This was done to  check for  any malfunctions of the interconnects during 
these vibration t e s t s .  
10.2 TEST OPERATIONS 
The three Engineering Test Models (ETM's) were received in the NASA/ 
MSFC solar simulator t e s t  t r a i l e r  July 7 ,  1970. 
Electrical t e s t s  were performed July 9 ,  197Q on the as received 
modules. An I/V curve was recorded for each of the 32 interconnected ce l l  
groups (modules) of each ETM, Informal v i s u a l  i n s p e c t i ~ n  revealed a few 
cracked or chipped cover s l ides ;  FTM IW had three ,  ETM I 1 A  has s i x ,  and 
ETM IS SA had seven, b u t  the eiec"tica9 i n t e g r i t y  s f  a1 1 t e s t  modules was 
intact .  
Vibration tes ts  were perfornled Ju ly  SO and 13,  9970, S inuso ida l ,  
random h7gh l eve l ,  and randoni low level  t e s t s  were performed on each of 
- 
the three  ETMs, i h e  vibrdtion survey wds conducted in each of three 
mutually perpendicular axes (see  Figure 1 0 , l )  , using the levels  specif ied 
in TRW Sys terns Test Pl an No. 09681 -6004-ROO0 (Ref. 7 . 2 ) .  No damage t o  
the t e s t  a r t i c l e s  was observed during these t e s t  runs. However, small 
b i t s  of loose solder were seen bouncing on the surface of the  ETMs d u r -  
ing some of the runs. (See Figures 10.2 t o  10.5).  
Post vibrat ion e l ec t r i c a l  t e s t s  and visual inspection of the ETMs 
were performed while preparation was made to  run the thermal-vacuum t e s t s .  
Several additional cracked or chipped cover s l i de s  were observed; ETM IA 
had f i v e  more than before t e s t ing ,  ETM IIA had possibly three more ( a l -  
though these could have been overlooked previously o r  could have occurred 
during e l ec t r i c a l  t e s t i n g ) ,  and EPM II IA had approximately twelve more, 
Elect r ica l  performance I/V curves revealed t ha t  four modules on ETM IA 
had developed malfunctions during the vibrat ion t e s t s .  Two of the  modules 
had f a i  led completely open, and two had in termit tent  malfunctions. With- 
in three  of the f a i l ed  groups, approximately 25 broken common interconnects 
were found using magnification aided inspection techniques, (see Figures 
10.6 and 10.7),  b u t  none was found in modules t ha t  had passed e l ec t r i c a l  
t e s t s .  Most (19) of the broken interconnects occurred in the RTV-118, 
0.25 in.  spot ,  diameter region while the remainder (6 )  appeared in the 
RTV-118, 0.375 in .  region. However, interconnects showing work-hardened 
areas occurred throughout the modules. The fourth fa i l ed  module had no 
broken common interconnects b u t  did have a broken posit ive bus bar which 
occurred in the 0.75 i n . ,  RTV-3145 region. In addition t o  the broken 
interconnects, one solder  j o in t  between posit ive bus bars had separated. 
No broken interconnects o r  bus bars were found on ETM IIA or  ETM IIIA, 
b u t  one separated solder j o in t  between bus bars was found on ETM IPA. 
The I / V  curves fo r  a79 modules on ETMs IIA and IIIA s a t i s f a c t o r i l y  com- 
pared with the original  curves, 
Thermalr-vacuum t e s t s  were performed August  17  thru 22, 1970, Each sf 
the ETbs was instrumented w i t h  f i v e  thermocouples, ( s e e  F-iyuu*e 10,8) ,  On 
E Y M k  IIA and 1IA three sensors each were bonded on the back s ide  of the f i be r -  
glass o r  Kapton sheets  w i t h  RTV-3145, One sensor was bonded and one sensor was 





F i g u r ~  10-6 En1 arged View o f  ;di lcd Common 
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L o c a t i o n  o f  Temperature Sensors 
bolted t o  t he  metal frame i n  each case, On ETM IPIW t h r e e  unconnected 
ce l l s  were lifted and rebonded w i t h  thermocsuples i n  the adhesive spots,  
Three separate t e s t  runs were made, one for  each of the ETM". Seven 
channels of temperature data were recorded for  each ETM t e s t ;  two chamber 
shroud channels and f ive  channels from sensors located on the ETM. Twenty- 
one computer generated plots of the data show that  the ETM temperature was 
varied between the agreed upon l imits  of +120°C t o  -173OC. Two complete 
cycles w i t h  two hour soak times a t  each temperature extreme were achieved. 
An attempt was made t o  l imi t  temperature changes to  less  than 4°C per 
minute. however th is  goal was exceeded in some cases. Figures 10.9 to  
10.12 depict typical t e s t  set-ups in the thermal-vacuum chamber. 
Post thermal-vacuum t e s t  I/V curves recorded for  a l l  modules of each 
ETM compared sa t i s f ac to r i ly  with those taken prior to  the thermal-vacuum 
te s t s .  No gross e lec t r ica l  f a i lu re  of a module was detected in t h i s  manner; 
however, visual inspection of the common interconnects and posit ive bus 
bars revealed some damage. Solder joints between positive bus bars con- 
s t i  tuted the 1 arges t el ec t r i  cal f a i  1 ure mode as fol1 ows: 
ETM IA - 44 separated tabs 
ETM IIA - 1 separated tab 
ETM IIIA - 6 separated tab 
On ETM IA two common interconnect solder joint  fa i lures  and two 
additional broken interconnects were noted. Two broken interconnects 
were also found on ETM IIIA. 
Failure of adhesive bonding was evident on a l l  ETM's a f t e r  thermal- 
vacuum te s t s .  Tab1 es 10.1, 10.2, and 10.3, shows the number of 1 oose and 
spalled ce l l s  found f o r  each of the adhesive types and spot diameters. 
Mu1 t i p l e  spa1 1 ing occurred on ETM IA and IIA b u t  only one case was 
noted on ETM IIIA. Spalling occurred on both the zone soldered and solder 
dipped ce l l s .  The 2 cm x 4 cm cell  sub-modules exhibited considerable 
spalling (Figure 10.128). 
Several spots on the 2 cm x 4 cm ce l l s  were measured in an attempt 
to correlate  the spot thicknesses to  spalling. The spots measured a i l  
had diameters greater t h a n  0 - 5  i nch  and less than Q,75 inch ,  The un- 
spa11 ed spots ranged in thickness f r om  6.013 t o  0.022 on the t h i n  side 
and 0.022 to  0.031 on the thickest side. The spalled spot measurements 
f e l l  within the same thickness ranges. 
10-1l 
Figure  10.9 I n t e r n a l  View o f  Thermal -Vacuum Chamber 
Showing LN2 Cooled Tes t  F i x t u r e  
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Figure 10,728 Enlarged V iew  o f  Spalling Failures on 2 cm x 4 cm 
S i  9 icon Cell s (Random Crystal O r i e n t a t i o n - S o l d e r  
D i  p p e d )  
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P u l l  t e s t s  were performed on t he  unconnected ce l l s  o f  each ETM a f t e r  
a1 1 o t h e r  pos t  environmental  i nspec t i ons  were completed. The va lues r e -  
corded ranged f rom l e s s  t h a n  one pound p u l l  t o  over  e igh teen  pounds, b u t  
t h e  m a j o r i t y  o f  t h e  c e l l s  t h a t  had n o t  a l r eady  f a l l e n  o f f  w i t hs tood  
severa l  pounds o f  p u l l .  One a d d i t i o n a l  spal  l e d  c e l l  was found d u r i n g  t h e  
p u l l  t e s t s  (See Tables 10.4, 10.5, and 10.6).  
The f o l l o w i n g  comments were recorded d u r i n g  p o s t - t e s t  i n s p e c t i o n  o f  
t he  ETM's. 
(a)  The 2 cm x 4  cm c e l l  i n t e r connec t s  cou ld  n o t  be inspec ted  w i t h -  
o u t  l i f t i n g  t h e  module f rom t h e  subs t ra te .  
( b )  Where zone so ldered c e l l s  spal  l e d  and t h e  adhesive spot  was 
l a r g e  enough t o  cover t h e  s o l d e r  zone, t h e  c e l l  d i d  n o t  f a l l  
o f f  t h e  subs t ra te ,  b u t  had t o  be p u l l e d  away f o r  i n s p e c t i o n .  
( c )  The f i b e r g l a s s  subs t ra te  on ETM IA  showed s igns  o f  d e t e r i o r a -  
t i o n  a f t e r  t h e  thermal-vacuum t e s t s .  The c l o t h  g r a i n  was 
more n o t i c e a b l e  and t h e  sheet  was d i s t o r t e d  i n  severa l  areas.  
( d )  Adhesives used t o  bond t h e  c e l l s  ( o r  p r imers )  i n  some cases 
f lowed on to  t he  f r o n t  su r face  o f  t h e  c e l l  s. 
( e )  Some o f  t h e  adhesive spots  were n o t i c e a b l y  o f f  cen te r .  
( f )  A  non -un i f o rm i t y  o f  t h e  adhesive spots  was noted d u r i n g  i n -  
spec t i on  a f t e r  thermal-vacuum t e s t s .  Some o f  t h e  RTV-3145 
spots  on ETM I I I A  f rom which c e l l s  had become unbonded had 
a  f r a c t u r e d  o r  g ranu la r  appearance. The spots  cou ld  be e a s i l y  
l i f t e d  f rom t h e  subs t ra te  and were found t o  have v a r y i n g  char-  
a c t e r i s t i c s  f o r  d i f f e r e n t  segments o f  the  same spot .  The 
spo t  cou ld  be e a s i l y  p u l l e d  a p a r t  i n  some p laces,  b u t  some o f  
t h e  p ieces e x h i b i t e d  csns iderab l  e  r e s i d u a l  s t r e n g t h  and 
e l a s t i c i t y ,  The PR 1538 adhesive was found t o  have many 
bubbles i n  t h e  spots f rom which c e l l s  came l ~ o s e ,  
( g )  Damage t o  ce l l  s ( s p a l  1 ing ,  loose cel l  s ,  degraded i n t e r connec t s ,  
cracked cel I s ,  e te .  ) could  n o t  be detected by performance s f  
e l e c t r i c a l  t e s t s  excep t  i n  cases where t o t a l  i ~ t e r c o n n e c t  
(a1 1 redundant)  f a i l u r e  occurred.  V isual  i n s p e c t i o n  revea led  
much o f  the  damage t h a t  occurred d u r i n g  t e s t i n g  s f  t h e  ETM's, 
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70.3 TEST EVALUATIONS 
The evaluation of the  t e s t  results o b t a i n e d  d u r i n g  t h i s  program phase 
i s  divided into several segments, Assessments have been made sf the follow- 
ing Engineering Test Model design characteristics:  
a )  structural integri ty  of substrates 
b )  common interconnector fatigue strength 
c )  sub-module bus bar solder joints 
d )  cell  -to-substrate adhesive bond strength 
e )  s i l icon cell  spalling 
While the main emphasis during th is  program phase was directed a t  evalua- 
ting the s i  1 icon cell  spa1 1 ing phenomena, during thermal -vacuum test ing,  
i t  was possible t o  draw various qual i ta t ive conclusions regarding items 
(a )  to  ( d )  above during both structural-dynamic and thermal vacuum test ing.  
These are discussed in the following paragraphs. 
ETM IA Substrate Evaluation - Effects of Structural-Dynamic Tests 
The ETM IA (f  i  berg1 ass diaphragm - a1 umi num box-beam frame) substrate 
successful 1 y passed a1 1 the structural -dynami c t e s t s  i t  was subjected to.  
This can be seen from Figure 10.3, The natural frequencies of the frame 
were in the 1500 Hz to  2000 Hz range based upon the outputs from accelerom- 
e te rs  7 and 2 ( Z  axis and X axis respectively). Amplified acceleration 
loads were as high as 100 g ' s  i n  the region b u t  no deleterious e f fec ts  to  
the frame was noted. Accelerometers Nos, 3 and 4 ,  were not mounted on 
the pre-tensioned fiberglass diaphragm, because the mass of the accelerom- 
e te rs  would increase the amplitude of deflections that  would occur. I t  
was visually noted, during Z-axis vibration testing, that  deflections as 
high as approximately - + 412 inch were being experienced, A t  the completion 
of th is  t e s t  no adverse effects  were discernible on the diaphragm, The 
pretensioned condition of the diaphrasni appeared to be in tac t ,  No warping 
or fraying of the diaphragm was evidenced, In  addition, the aluminum 
box beam frame retained i t s  original structural configuration and no per- 
manent sets were n o t e d ,  
A close,  magnified examination sf the U-shaped common interconnects, 
a t  completion sf structural -bynami c test ing,  revealed that  several had 
f a i l e d  -in t h e  c e n t r a l  r e g i o n  o f  t h e  d-iaphraym where t h e  maximum d e f l e c t i o n s  
occur red  (See F igures  10.6 and 10.1) .  From the  c r y s t a l  1 i n e  appearance o f  
t he  m a t e r i a l  a t  t h e  i n t e r c o n n e c t  crack,  i t  appeared e v i d e n t  t h a t  f a i l u r e  
had been due t o  t he  combined e f f e c t s  o f  work hardening and f a t i g u e .  How- 
ever ,  these l i m i t e d  f a i l u r e s  were n o t  cons idered t o  be s i g n i f i c a n t  s i nce  
i n  t h e  a c t u a l  stowed c o n d i t i o n  o f  t h e  a r ray ,  d u r i n g  launch ascent,  t h e  
diaphragms o f  t h i s  ETM would be suppor ted w i t h  e i t h e r  v i b r a t i o n  pads (per  
t h e  s k i r t i n g  recommended i n  Reference 1.1 ) o r  bumper/spacers l o c a t e d  a t  
t h e  c e n t e r  o f  t h e  diaphragm. E i t h e r  o f  these arrangements would s u f f i -  
c i e n t l y  damp o u t  t h e  diaphragm d e f l e c t i o n s  t o  e l i m i n a t e  t h e  p o s s i b i l i t y  
o f  t h e  work hardening, f a t i g u e  f a i l u r e  mode i n  these i n t e r connec t s .  
I n  assess ing t h i s  common i n t e r c o n n e c t  f a i l u r e  mode, i t  became e v i d e n t  
t h a t  i t  would be impo r tan t  t o  determine i f  so lde r  "sp lash"  o r  "w ick ing"  
cou ld  have c o n t r i b u t e d  t o  some o f  t h e  common i n t e r c o n n e c t  f a i  1  ures.  With 
a  d i f f e r e n t  i n t e r c o n n e c t  des ign  t h i s  problem had been noted and repo r t ed  
i n  Paragraph 8.4.4.3 o f  Reference 1.2. I t  was n o t  e v i d e n t  t h a t  any "wick- 
i n g  a c t i o n "  had occurred,  of t h e  t ype  t h a t  was i n d i c a t e d  i n  t h e  photographs 
o f  F igures  8.38, 8.39 and 8.40 o f  Reference 1.2. However, i t  appeared 
t h a t  some " s o l d e r  sp lash"  d i d  occur  which r e s u l t e d  i n  smal l  g l obu les  o f  
s o l d e r  be ing  depos i ted  on t h e  s t r e s s  r e l i e f  l o o p  o f  t h e  common i n te r connec t .  
Upon i n v e s t i g a t i o n  (Reference 10.3) i t  was found t h a t  i f  t he  s o l d e r  sp lash  
leaves  an open chord l e n g t h  o f  a t  l e a s t  0.060 inches, t h e  l a r g e  s t r e s s  r e -  
l i e f  l o o p  w i l l  n o t  be adverse ly  e f f e c t e d  f o r  a  maximum temperature ex- 
c u r s i o n  o f  87°C. For  t h i s  temperature excurs ion  a  d isp lacement  o f  app rox i -  
ma te l y  0.003 i n c h  was c a l c u l a t e d  i n  Reference 10.4. It was f u r t h e r  de- 
te rm ined  t h a t  t h e  s t r e s s  r e l i e f  l o o p  i n  t h e  common i n t e r c o n n e c t o r  cou ld  
absorb up t o  0.004 i n c h  d e f l e c t i o n  w i t h o u t  i nduc ing  l a r g e  f o r c e s  i n  t h e  
s o l d e r  j o i n t .  Th i s  f o u r  m i l  l i m i t  on displacement was based upon a  
mimimum s o l d e r  f r e e  chord l e n g t h  o f  0.060 inches.  The improvements made 
i n  t h e  common i n t e r c o n n e c t  f rom t h a t  shown on F igu re  4.13 t o  F i gu re  9.8 
encompassed t h e  f l e x i b i l i t y  t o  t ake  care  o f  a l l  t h e  thermal d i f f e r e n t i a l  
expansion requi rements  over  t h i s  range, For t h i s  l u n a r  su r f ace  a p p l i c a t i o n ,  
however, because o f  t h e  S a rge r  temperature excurs ion  (approx imate ly  9 93°C) , 
i t  i s  obvious t h a t  cons ide rab l y  more care  must be taken t o  m in im ize  o r  
e l i m i n a t e  s o l d e r  sp lash  on t he  s t r e s s  r e l i e f  loops o f  t h e  common i n t e r -  
connect.  I n  a d d i t i o n ,  as was determined d u r i n g  t he  Phase 11 t e s t i n g ,  
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y70bules o f  excess s o l d e r  depos i ted  on t he  in te rconnec t  expansisn l oops  
cou ld  produce h i g h  t e n s i l e  s t resses  du r i ng  Z-axis v i b r a t i o n  t e s t i n g .  I f  
these t e n s i l e  s t resses  exceed t h e  a l l owab le  f a t i g u e  s t r e s s  f o r  t h e  number 
o f  cyc les  exper ienced by an i n te r connec to r  l o o p  d u r i n g  v i b r a t i o n  t e s t i n g ,  
f a i l u r e  o f  t h e  i n te r connec to r  c o u l d  r e s u l t .  Because t h i s  hypothes ized 
f a i l u r e  mode may have caused t he  f a i l u r e s  dep i c ted  i n  F igures 10.6 and 10.7, 
a  more comprehensive ana l ys i s  and t e s t  program t o  eva lua te  these e f f e c t s  
i s  suggested f o r  f u t u r e  c e l l s t a c k  development programs. 
Upon complet ion o f  these s t ruc tu ra l -dynamic  t e s t s  on t h e  ETM I A 
module, v i s u a l  i n s p e c t i o n  i n d i c a t e d  t h a t  a l l  s i l i c o n  c e l l s  ( bo th  2 cm x 
2 cm and 2 cm x 4 cm) had s a t i s f a c t o r i a l l y  passed these t e s t s .  There 
was no evidence o f  s t r u c t u r a l l y  induced cracks i n  e i t h e r  t he  coverg lass  
o r  c e l l s  and t h e  bond between t he  c e l l s  and t h e  subs t ra tes  remained i n t a c t  
f o r  a1 1 t h e  d i f f e r e n t  t ype  adhesives and adhesives geometries (d iameters  
and th icknesses)  employed. Th i s  appl  i e d  t o  t he  non- interconnected, as 
w e l l  as t h e  in te rconnec ted  c e l l s .  I n  a d d i t i o n ,  by l i m i t i n g  t h e  adhesive 
d o t  d iameter  t o  a  minimum o f  0.25 inches, and c a r e f u l l y  c o n t r o l l i n g  t h e  
d o t  e c c e n t r i c i t y  d u r i n g  t h e  manufactur ing opera t ion ,  no t o r s i o n a l  v i b r a t i o n  
o f  t h e  s i l i c o n  c e l l s  was exper ienced. Th i s  conf i rmed t h e  t e s t  e v a l u a t i o n  
a n a l y s i s  conducted d u r i n g  Phase I 1  and summarized i n  t h e  " S i l i c o n  C e l l  
Adhesive Dot Design Char t "  (F i gu re  8.33 o f  Reference 1.2).  
The in te rconnec ted  sub-modules were sub jec ted  t o  p r e - t e s t  and pos t -  
t e s t  e l e c t r i c a l  performqnce checks. Typ i ca l  cu r ren t / vo l t age  curves were 
generated a t  a  cons tan t  temperature o f  28°C. Except f o r  those few cases 
where t h e  common i n te r connec to r  had f a i l e d ,  no change i n  sub-module e l e c -  
t r i c a q  performance c h a r a c t e r i s t i c s  was detected.  
The nega t i ve  and p o s i t i v e  bus bars  used w i t h  t h i s  c e l l s t a c k  were a l s o  
una f fec ted  by t he  v i b r a t i o n  t e s t i n g ,  Th i s  was considered t o  be i n d i c a t i v e  
o f  a  h i g h  s t r u c t u r a l  des ign marg in  f o r  these con f i gu ra t i ons ,  s i n c e  con- 
s i d e r a b l e  d e f l e c t i o n s  were exper ienced by the  pre- tens ioned f i  berg1 ass 
diaphragm used i n  t h i s  ETM design d u r i n g  Z-axis v i b r a t i o n  t e s t i n g .  
10,3.3 ETM I 1  A Subs t ra te  and Ce l l s t ack  Eva lua t i on -E f f ec t s  o f  S t r u c t u r a l -  
The bas i c  ETM I 1  A subs t ra te  cons i s t s  o f  8.003 i n c h  t h i c k  "Kapton" 
( po l y im ide  H f i l m ) .  It i s  a t tached t o  two r i g i d  end panels made f r om an 

Figure  10.13 Partially Folded ETM I1 A C o n f i g u r a t i o n  
F igure  90.14 Fully Folded ETM I 1  A Configuration 
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and only a minor effect  on the appearance of the modu9e5 no further evalua- 
tion of th i s  fa i lure  mode was conducted, I t  has been determined that by 
the use of f l i gh t  quality coverslides only, use of a proper eoverglass/cell 
adhesive such as Dow Corning R63-489 (equivalent to  XR6-3489), proper 
post curing (8 hrs. a t  1 50°C and low5 to r r )  for  outgassing, and the use of 
proper fixturing and sciving tooling to  control application of and to  clean 
off excess adhesive, no problems with covergl ass cracking or  chipping wi 11 
be encountered. 
10.3.6 Effects of Thermal-Vacuum Tests - General 
The thermal-vacuum te s t s  on the three ETM's resulted in three types 
of fa i lure  modes. These were: 
a )  separation of the vertical  tabs on the solder joints between 
the negativ,e and positive bus bars 
b )  fa i lure  of the adhesive bond between the s i l icon cel l  and 
adhesive spot or the adhesive spot and the substrate 
c )  Spa1 1 ing of the s i l icon cel l  a t  the interface between the 
underside of the s i l icon cel l  and the adhesive spot. 
The f i r s t  two fa i lure  modes were not specif ical ly  under investigation 
during t h i s  program phase. Hence, no pre-test analytical e f fo r t  was 
undertaken. However, in th i s  section, some qual i ta t ive assessments have 
been made in these areas, as well as recommendations fo r  design improve- 
ments. The s i l icon cell spalling phenomenon, had been analyzed in Section 
5 and th i s  fai lure  mode predicted as a function of various c r i t i ca l  ma- 
t e r i  a1 properties and geometric parameters. A detai 1 ed eval uation of the 
fa i lure  mode i s  included in th i s  section also. 
10.3.7 Evaluation of Bus Bar Tabs - Effects of Thermal -Vacuum Tests 
The temperature excursion from + 120°C to - 173OC experienced by 
the ETM bus bars during thermal vacuum test ing i s  quite large,  This not 
only produces 1 arge thermal different ial  expansion deflections in the 
cellstack configuration, b u t  also resul ts  i n  considerable changes i n  the 
properties of the solder, Kovar, s i l icon ,  and substrate facesheet. Only 
limited material property data was available for  most of these cel lstack 
elements (see Table 7 .6 )  and in many instances i t  varies with data from 
other sources (see Reference 90 ,5)  However, i t  i s  f a i r l y  evident t h a t  
the 2% s i lve r  solder (Sn 62/Pb 36) used in making cellstack interconnect 
solder joints does vary from a value as low as 3,000 psi a t  + 212°F to as 
high as 14,200 a t  - 220°F. The Reference 10.6 and 10.7 reports indicated 
that  for  a three-member r igidly bonded system [substrate, s i l  icon c e l l ,  
(10 mils) interconnector (3 mils)], stresses could be induced in the solder 
joints  due t o  thermal cycling that  could produce solder cracks (up t o  
92% cracked solder joints when using copper interconnects and for  350 
thermal cycles). For a molybdenum interconnector system essent ial ly  no 
cracks were detected. The t e s t  data used compared the behavior of the 
molybdenum and copper interconnect systems for  a AT of 250°C (+ 75°C t o  
- 175°C). Under these conditions, the theoretical average solder s t resses  
for  the molybdenum tab was approximately 9600 t o  9900 psi (see Table 10.7). 
The thermal coefficient of expansion of Kovar i s  very close to  that  of 
molybdenum (see Table 10.8), so that  the solder s t resses  fo r  the inter-  
connector material should be simil ar .  % During the thermal cycl i ng t e s t s  
conducted during th i s  program a greater temperature excursion was ex- 
perienced (+ 120°C to - 173°C). This A T  of 293°C would undoubtably pro- 
duce even higher solder stresses (approximately 11,250 to 11,600 psi ) .  
Furthermore, an examination of the bus bar tabs (Figures 4.14 and 4.15) 
indicates that  a "sissor-like" action could occur between the negative 
and positive bus bar tabs due t o  thermal different ial  expansion ef fec ts .  
This would produce a s t ress  concentration in the solder, joint  due to  
the re-entrant geometry of the connection. The use of s t ress  r e l i e f  loops 
in these vertical tabs tends to  al leviate  th i s  condition somewhat, but 
solder wicking into the re l ie f  loop region could easily offset  t h i s .  
Hence, two possible causes for  the fa i lure  of the bus bar tab solder 
joints can be surmised for  th i s  lunar surface application. A t  the elevated 
temperature (+ 120°C) during thermal cycling, the strength of the solder 
material i s  so greatly reduced ( less  than 3,000 ps i ) ,  that the induced 
thermal different ial  expansion s t resses  for  a nT of 100°C (+ 20°C t o  
+ 120°C) are large enough to cause solder joint fa i lure .  Similarly, a t  
the minimum thermal cycling temperature of - 973"C, despite the increase 
i n  the solder material strength ( u p  t o  14,200 psi) the combination sf 
the larger AT (l" .e. -4 20°C to - 173°C = A T  of 9 9 3 " ~ )  and the e f fec ts  o f  
the s t ress  concentration, are suff ic ient  to produce stresses high enough 
TABLE 9 0,3 THEORETI GAL T l i E R M A l  STRESS 
0.5 m i  1 Molybdenum 
1 .0 m i  1 Molybdenum 
2.0 m i l  Molybdenum 
1.0 m i l  S i l v e r  
TABLE 10.8 NOMINAL VALUES FOR THERMAL COEFFICIENT OF LINEAR 
EXPANSION FOR VARIOUS CELLSTACK MATERIALS 
L 
f 
Graphite Composite Q 
t o  cause t a b  solder j o i n t  f a i lu re ,  
This effect  has been of concern t o  I R W  Systems on other programs, As 
a resu l t  an improved negative and positive bus bar design has been devel- 
oped. This i s  shown in Figure 9.11 and 9.12 and includes a larger s t r e s s  
r e l i e f  loop in the vertical  tabs. Tests on these tabs over a temperature 
excursion of up to  100°C-AT resulted in no solder joint  fa i lures .  For 
th i s  lunar surface application, however, i t  i s  recommended that  an addi- 
tional assessment be made of these improved bus bar design fo r  the an t ic i -  
pated 193OC-AT before they are uti l ized on a f l i gh t  configuration. A 
preliminary review has indicated that  replacement of the negative and 
positive bus bars with a modified version of the U-shaped common inter-  
connector may be a more sat isfactory approach for  the lunar surface temper- 
ature extremes. 
10.3.8 Evaluation of Adhesive Bond - Effects of Thermal-Vacuum Tests 
Approximately 260 out of 1200 sil icon cell  s came loose from the 
three ETM's during thermal vacuum testing. Of these, 169 were from the 
region where the polyurethane adhesive-primer system, PR 1538 was ut i l ized.  
This adhesive system was selected almost ent i rely because many polyurethane 
materi a1 s exhibit  a comparatively low modulus of el as t i  ci ty a t  low tempera- 
tures (see Table 7.4)  which i s  desirable fo r  th i s  application. All the 
other adhesive materials were s i l icone based "polymers" which tend t o  have 
similar low temperature properties. The selection of th i s  specif ic  poly- 
urethane material was made with the limited knowledge that  i t s  room tem- 
perature adhesive properties appeared good for  this  application and tha t  
t h i s  material had been sa t i s fac tor i ly  uti l ized as a low temperature con- 
nector potting system. 
As a resu l t  of th i s  adhesive bond fa i lure  an investigation was con- 
ducted. I t  was found that  on a previous program, a sil icon cel l  adhesive 
bond (primer) fa i  lure was experienced under simi 1 ar  conditions (min. tem- 
perature -1 62°C) during engineering development t e s t s  on a sol a r  array. 
The adhesive in th i s  case was a mixture of methyl-penyl RTV compounds 
(i , e ,  50/50 mixture o f  G ,  E ,  RTV 59 1 and 577 s i l  icone compounds), A 
si lane primer was used. The thermal environment during thermal-vacuum 
testing ranged from -260°F (-1 62°C) to  +140°F (+60°C), An investigation 
of this  fa i lure  led to the conclusion that  the primer thickness, which 
normal 1 y required I i t t l e  con t ro l ,  became extremely c r i t i ca l  a t  very low 
temperatures (-1 40°C and be1 ow), The adhesive bonds which fai  led during 
these thermal cycling t e s t s  consisted of an adhesive dot,  approximately 
0.375 inches in diameter and 0.020 inches thick (Figure 10.15). The 2 
cm. x 2 cm. sil icon ce l l s  were bonded to  t e s t  substrates of pyrex glass 
or magnesium which had been treated with a conversion coating and then 
coated with an epoxy paint. Bond fai lures  occurred a t  the adhesive inter-  
face of b o t h  these substrates as well as a t  the adhesive interface a t  the 
solar ce l l .  The s i l icon cell  surface had been coated with a vacuum de- 
position of s i  1 icon monoxide. These fai lures  were completely adhesive 
in nature, i . e . ,  the adhesive dot separated cleanly from the adherend in 
each case. In most instances some of the primer ( G .  E .  SS 4004) remained 
on the adhesive dot indicating that  the fa i lure  was in primer adhesion 
rather than adhesion of the RTV compound to the primer. Approximately 
50% of a total  of 342 adhesive dots failed on a t  leas t  one side of the bond. 
A microscopic examination of the thermally exposed primer surfaces 
revealed that  the primer film had "mudcracked" in a manner normally asso- 
ciated with a film shrinkage due to  a solvent loss.  This cracking (Figure 
10.16) was found to occur regardless of the apparent process-controlled 
film thickness on the t e s t  assemblies. Rebonding of these failed assemblies 
with greater control of primer application and cure and subsequent thermal 
cycling resulted in additional bond fai lures  except that a much lower 
percentage of the bonds fai led.  The failed assemblies were once again 
rebonded with even greater control of the primer application and cure 
and again thermally cycled. No further bond fai lures  occurred. Because 
the t e s t  schedule did not permit a verification of the fai lure  mechanism 
prior to  rebonding the specimens, the greater control referenced could 
only u t i l i ze  such information as could be gleaned by the apparent s t a t e  
of primer adjacent to those adhesive bonds which had survived the i n i t i a l  
thermal eye1 i n g .  Thi s gross observation i ndi cated that  the surviving 
bonds had apparently been made over a thinner primer application than 
those t h a t  had fa i led ,  Additionally, the knowledge o f  the chronological 
order in which the specimens hdd been bonded seemed t o  i n d i c a t e  that  
those which had keen bonded l a s t  exhibited a h ighe r  level o f  survival, 
Since a11 specimens were primed within a very short time period, i t  
appeared that the primer cure time far  the f i r s t  specimens bonded may 

Figure  9 0.16 Photomicrograph (1 00X) o f  Mudcracked Primer 
have been inadequate ,  With these observa t ions  an experiment was de- 
s igned t o  exp lo re  some o f  t he  v a r i a b l e s  o f  t h e  pr imer-adhesive bond pro-  
cess, Th is  exper iment was a 3 x  3 x 3 f a c t o r i a l  des ign w i t h  t h r e e  f i x e d  
l e v e l s  i n  cure t ime;  namely: El (1 h r . ) ,  E2 (2 h r s . )  and E3 (3 h rs . ) ,  
t h r e e  l e v e l s  o f  p r imer  th ickness,  fl ( t h i n n e s t  p r imer ) ,  f2 (medium), 
f3 ( t h i c k e s t ) ,  and t h r e e  f i x e d  l e v e l s  o f  temperature cyc le ,  i .e., 0, 
15, and 30 cyc les.  The o rde r  o f  exper iment was comple te ly  randomized. 
The mathematical model t o  r ep resen t  t h i s  exper iment i s :  
- jkm 
v + Ei + Ci + ECij + Tk + ETik + CTjk + ECTijk + eijk(m) 
where: 
jkm = t h e  measured v a r i a b l e ,  i .e. , peel bond 
s t r e n g t h  ( i n  pounds) 
p = t he  t r u e  mean o f  t he  popu la t i on  f rom which a l l  t h e  
da ta  came 
Ei = cure  t ime 
Ci = temperature c y c l e  
Tk = p r ime r  th ickness  
ECij, ETik, CTjk and ECTijk a re  i n t e r a c t i o n s  between 
v a r i a b l e s  i n  quest ion,  
e  i jk (m)  = random e r r o r  i n  t h e  exper iment 
The specimen used t o  o b t a i n  t he  d e s i r e d  da ta  was a  "T-peel"  specimen 
c o n s i s t i n g  o f  a  1"  x  6"  p iece  o f  magnesium subs t ra te  m a t e r i a l  ( f i n i s h e d  
w i t h  Dow 17 and epoxy p a i n t )  bonded t o  a  p iece  o f  0.005" x  1  " x  6"  
aluminum sheet. Peel s t r e n g t h  values were ob ta ined  a f t e r  c o n d i t i o n i n g  
t h e  specimens w i t h  t he  r e q u i r e d  number o f  cyc les  by p u l l i n g  back t h e  
end o f  t h e  aluminum adherend and mon i t o r i ng  t he  l oad  r e q u i r e d  t o  peel  
t h e  e n t i r e  specimen apa r t .  
The r e s u l t s  o f  a n a l y s i s  o f  var iance a re  shown p i c t o r i a l l y  i n  F igure  
10,17.  These d a t a  show t h a t :  
I )  Peel s t r e n g t h  i s  h i g h l y  dependent upon pr imer  th ickness,  The 
e f f e c t s  due t o  p r imer  th ickness  f2 and f3 a re  d e f i n i t e l y  b e t t e r  than 
th ickness  f, . 
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SYMBOL PRIMER THICKNESS 
0 1 
- 0 2 
D 3 
Curing Time (hours) 
Figure 90.17 Average Peel Strength o f  Primer l e s t  Samples as a 
Function ~f Curing Time for Three Thickness of Primer 
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(2), There i s  a mirror e f f e c u d u  t o  cure tlrrie which may be attrfiuuted 
to  random e r ro r .  I n  order t o  determine more p r e ~ i s e l y  the cure time e f f e c t $  
one more t e s t  was conducted ~ v h i c h  i s  presented belaw, 
( 3 ) .  There ex i s t s  a minor in teract ion between primer thickness and 
cure time which again may be due t o  random e r ro r s .  
In explanation of the significance of primer thickness i t  should be 
noted t h a t  f, ( th innes t )  was somewhat thinner than t ha t  normally con- 
sidered as the minimum acceptable thickness, f2 thickness was average, 
and f 3  was near the normal maximum thickness. Primer thickness i s  usually 
not measured, b u t  indicated by the depth of color.  Primer thickness f j  
was near, b u t  not duplicate the primer thickness noted on those assemblies 
upon which bond f a i  1 ures were f i r s t  experienced. 
Even though the experiment did not indicate  a s ign i f i can t  r e l a t i on -  
ship between cure time and bond s t rength ,  i t  was known tha t  i t  had t o  
ex i s t .  I t  was, therefore ,  assumed t ha t  the levels  of cure time se lected 
had been excessively long and t ha t  pa r t i a l l y  uncured primer had not been 
captured in the one to  three  hour range of the experiment. Recognizing 
t ha t  the primer cure was a function of both time and humidity, a second 
experiment was designed, 
In t h i s  experiment, one more variable was included, t h a t  was humidity 
with three fixed levels :  lo%,  30% and 50%. However, primer thickness f 3  
was dropped from the t e s t  leaving only two fixed levels  of primer thick- 
ness: A ,  approximately equal t o  the previous f l  and B ,  approximately 
equal t o  the previous f 2 .  
Temperature cycles were a l so  excluded as a variable and a l l  specimens 
were exposed t o  15 thermal cycles,  
The mathematical model i s :  
X, = p + H i  + T i  f H T . .  t Ek + HEik t TF + HTE 
1 j k m  1 J j k  i j k  ' (m)ijk 
Where: 
Hi = humidity and other symbols are the same as before. 
Based upon the results o f  the dnalysi3 u f  varldnce, the f o l l o w i n g  
concl us ions were obtained. 
I The ef fec t  o f  hum id i t y  f s  h i g h l y  s i g n i f i c a n t ,  Figure 78,18 shows 
t h a t  50% humid i t y  p rov ides  h i ghe r  peel  s t r e n g t h  than 30% and 30% humid i t y  
p r o v i  des h i ghe r  peel  s t r e n g t h  than 10%. 
( 2 ) .  The e f f e c t  o f  th ickness  o f  p r ime r  i s  h i g h l y  s i g n i f i c a n t .  F i gu re  
10.19 shows t h a t  p r imer  th ickness  B ( t h i c k e r  than A) has h i ghe r  peel  s t r e n g t h  
than A. 
( 3 ) .  The e f f e c t  o f  cu re  t ime i s  a l s o  h i g h l y  s i g n i f i c a n t .  From f i g u r e  
10.20, i t  can be concluded t h a t  one hour  cure  t ime  i s  b e t t e r  than 0.5 hour  
cure t ime. A1 though no s i g n i f i c a n t  d i f f e r e n c e  between cure t ime o f  0.5, 
1.5 and 2.0 hours i s  i nd i ca ted ,  knowledge o f  t h e  c u r i n g  mechanism would 
i n d i c a t e  t h a t  once the  p r imer  i s  cured (1.0 hour )  t h e  peel  s t r e n g t h  va lues 
should remain h igh.  The one excep t ion  t o  t h i s  i s  t h e  va lue p l o t t e d  f o r  
1.5 hour cure  t ime and 30% humid i t y ,  which i s  abnormal ly low and assumed 
t o  be i n c o r r e c t .  The s c a t t e r  o f  da ta  above va lues o f  8 pounds i s  mean- 
i n g l e s s  f o r  t h i s  t e s t  s i n c e  t he  f a i l u r e  mode changes f rom adhesive t o  
cohesive a t  t h i s  p o i n t .  The da ta  p o i n t  p l o t t e d  f o r  10% humid i t y  a t  1.5 
hour i s  cons idered i n v a l i d  s i nce  i t  has been p r e v i o u s l y  shown t h a t  10% 
humid i t y  w i l l  n o t  produce s a t i s f a c t o r y  bonds. The shaded area o f  F i gu re  
10.20 i s ,  t he re fo re ,  de f i ned  as a  "sa fe"  area w i t h o u t  respec t  t o  da ta  
va l  ues. 
A t h i r d  exper iment was performed t o  v e r i f y  t h a t  t he  apparent c o n d i t i o n s  
o f  p r imer  th ickness  B and cure  t ime o f  g r e a t e r  than one hour a t  50% o r  
g r e a t e r  r e l a t i v e  hum id i t y  would produce t he  des i r ed  bond s t reng th .  An 
a d d i t i o n a l  purpose o f  t he  t e s t  was t o  e s t a b l i s h  t h e  upper p r imer  t h i c k -  
ness l i m i t ,  Th i s  t e s t  d i d  indeed v e r i f y  t he  p r e v i o u s l y  i n d i c a t e d  accept-  
ab le  cond i t i ons ,  b u t  a l s o  i n d i c a t e d  a  g r e a t l y  reduced bond s t r e n g t h  f o r  
p r imer  th icknesses o n l y  s l i g h t l y  g r e a t e r  than t he  p r imer  th ickness  B. 
As p r e v i o u s l y  mentioned, p r imer  th ickness  i s  u s u a l l y  n o t  measured, 
b u t  es t imated  by t h e  depth o f  c o l o r .  Throughout these experiments t he  
th ickness  c o n t r o l  was assured through t h e  use o f  c o l o r  standards which 
had been prepared w i t h  p r imer  on subs t ra tes  i d e n t i c a l  t o  those o f  t h e  
t e s t  specimens, The f a i l u r e  s f  the t h i c k e r  p r imer  i n  the  l a s t  exper iment 
had i n d i c a t e d  a very  narrow acceptable p r imer  th ickness  range, so narrow, 
t h a t  i t  seemed ques t ionab le  t h a t  c o l o r  cou ld  be used as an acceptance 
c r i t e r i a  f o r  p roduc t ion  spray ing  o f  pr imer ,  
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Microscopic examina t ion  of the  acceptable primer coat ings  and those 
considered to  represent the margins s f  the acceptable thickness range re- 
vealed that  the optimum coatings were comprised of many small unconnected 
droplets of primer. 
A photomicrograph of specially dyed primer of the optimum thickness 
i s  shown in Figure 10.21. A t  the lower thickness margin, the drops be- 
came so f a r  separated tha t  the loss of primer area was responsible for  
the loss of bond strength. The upper margin thickness level approached 
the formation of a continuous film of primer. Thermal cycling of th i s  
coating produced the "mudcracks" previously observed and shown in Figure 
10.16. 
A t  t h i s  point i t  was obvious that  production use of the primer for  
the intended application would require a high degree of operator and in- 
spector training unless a simple method of application and/or inspection 
could be developed. An a l ternate  to  t h i s  was considered to  be a material 
substi tution for  the primer. Parallel programs for  the development of 
the simple primer application method and al ternate  primer were in i t ia ted .  
Even though the acceptable primer thickness range was narrow, the 
t e s t  had indicated that  color could be used as a thickness control de- 
vice. Thus, an i n i t i a l  e f for t  was made to  prepare permanent color standards. 
The primer i t s e l f ,  which had been used to prepare standards for  the early 
tes t ing,  faded too rapidly when exposed to  l igh t  to  be considered an accept- 
able medium for  the standard preparation. Optimumly coated specimens 
and t h e i r  chromaticity values, obtained on a spectrophotometer, were trans- 
mitted to  color special is ts  to  determine whether the required standards 
could be prepared. The response was negative. The transparency of the 
primer color i t s e l f  along with the substrate showing between the primer 
drop1 e t s  made the color unreproduci ble on the 1 i g h t  background required 
for  the necessary subtle shade di scrimi nati on. 
Lacking the ab i l i t y  t o  easi ly  control the primer application, an 
attempt was made to  develop a rapid post-application t e s t  t o  verify the 
adequacy o f  the p r i m e r  coa t i ng ,  I t  was thought t h a t  the  "mudcracking" 
fa i lure  mode of too thick primer could be easily detected with a coupon 
which could be sprayed simultaneously with the production hardware. This 
Figure 10.21 Photomicrograph (100X) o f  Optimum Thickness Primer 
was quickly verified and made even more positive by testing the adherence 
~f  the primer with masking tape a f t e r  dipping the primed coupon in liquid 
n i  trogen . 
This t e s t ,  however, did not a l e r t  the inspector to  primer applications 
which were too thin. I t  was, of course, also undesirable in that  i t  im- 
posed a " t r i a l  and error"  application method which would inevitably resu l t  
in cleaning and repriming of a  large amount of production hardware. I t  
was considered unacceptable. An important fac t  was discovered during th i s  
t e s t  evaluation, however. In preparation and examination of the many 
specimens i t  was discovered tha t  i t  was possible to  produce a  primer coat- 
ing which, upon microscopic examination, appeared t o  be sat isfactory,  b u t  
which was not. This was the resul t  of a  "dry" spray application. With 
these disappointing resul ts  i t  was obvious tha t  the only al ternat ive was 
the instal  1 ation of equipment capable of del iveri ng the desired primer 
application with a  high degree of reproducibility, Semiautomatic equip- 
ment was designed, fabricated, and installed to  perform th i s  function. 
I t  i s  shown in Figure 10.22. A tr igger release of the pendulum mounted gun 
actuates both the primer delivery and the gun travel.  An adjustable weight 
on the pendulum i s  used to  control the gun  velocity. Standard pressure, 
f luid flow and spray pattern adjustments are made on the gun and the dis- 
tance from the gun nozzle to  the surface to  be sprayed i s  controlled by 
adjusting the height of the table holding the work. 
This equipment was calibrated by preparing a  ser ies  of T-peel speci- 
mens similar to  those used in ea r l i e r  t e s t s .  I t  now consistently provides 
optimum primer applications which require no inspection. The equipment 
i s  routinely cer t i f ied  on a  monthly basis with the preparation, thermal 
cycling and tes t ing of T-peel specimens. Since i t s  instal la t ion a  second 
300 thermal cycle t e s t  has been performed using specimens sprayed with 
th i s  equipment. All adhesive bonds survived the t e s t .  
The program undertaken to  determine whether the requirement fo r  high 
level control of primer application could be circumvented through use of 
another primer was conducted in the fallowing manner. 
The commerci a1 l y avai 1 abl e primers were surveyed to determine the i r  
compatibility with the RTV 511/577 adhesive. Among those tested were: 
F igu re  10.22 Semi automatic Primer Spray Equipment 
Dow Corning Primers 
Dow Corning Self-priming Elastomers used as  primers 
General E lec t r i c  Primers 
" SS 4101 
" SS 4155 
" SS 4004 (thinned) 
Union Carbide Primer 
Three of these primers were i n i t i a l l y  incompati b le  with the  adhesive. 
They were XR6-3466, DC 3140, and 92-007. Bonded assemblies were made w i t h  
t he  remaining systems and thermally cycled t o  progressively lower tempera- 
tu res  producing the  f a i l u r e  of four  more primer systems: 1201, 90-198, 
4101, and A-1100. 
Subsequent t e s t s  t o  obtain quan t i t a t ive  bond s t rength  data  with the 
remaining primers yielded inconsis tent  r e su l t s  with two of them, 1200 
and 4094, and these two were dropped from fu r t he r  t e s t i ng .  Primer 4155 
was a l so  dropped when i t  was discovered t h a t  bond s t rength  r e su l t s  were 
dependent upon whether o r  not the powdery surface of the  dr ied  primer 
coating was brushed. 
The remaining two primers, 732 and 4004, were fu r t he r  evaluated in 
a s e r i e s  of peel t e s t s  t o  determine the e f f e c t  of process var iables .  
Both of these primers were thinned f o r  t h i s  appl ica t ion.  The 4004 primer 
was thinned with acetone t o  an 80/20 acetone/4004 r a t i o .  This thinned 
primer can b e  b r u s h  a p p l i e d  t o  p r o d u c e  a f i lm which w i l l  survive low 
temperature cycling without cracking and adhesion l o s s .  The 732 adhesive 
a l so  required thinning so t h a t  i t  could be used as a primer. For brush- 
ing, i t  was mixed with an equal weight of methyl i-butyl ketone (MIBK) 
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and for spray ing  i t  was mixed i n  an 80/20 Freon TF/732 r a t i o .  
Both t h e  t h i nned  4004 and t h i nned  732 pr imers cou ld  be a p p l i e d  t o  
sur faces  w i t h  much l e s s  c o n t r o l  than r e q u i r e d  f o r  unth inned 4004 and 
s t i l l  produce peel  specimens which would s u r v i v e  thermal c y c l i n g  and 
f a i l  cohes i ve l y  ( i n  t h e  adhesive, n o t  a t  an i n t e r f a c e )  when d e s t r u c t i v e l y  
t e s t e d  . 
On f u r t h e r  t e s t i n g  o f  these systems w i t h  s o l a r  a r r a y  c o n f i g u r a t i o n s  
i t  was observed t h a t  t h e  success o f  t h i nned  4004 was s p e c i f i c  t o  c e r t a i n  
sur faces.  F a i l u r e s  o c c u r r i n g  d u r i n g  thermal c y c l i n g  a t  t he  back o f  
s o l a r  c e l l s  w i t h  s i l i c o n  monoxide coated s i l v e r - t i t a n i u m  con tac t s ,  b u t  
bonds t o  t h e  subs t ra te  and s o l d e r  coated c e l l s  su rv ived .  
Program requi rements f o r  use o f  t h e  c e l l s  upon which t h e  t h i nned  
p r ime r  had f a i l e d  p r o h i b i t e d  i t s  use i n  t h i s  ins tance,  however, a l l  t e s t s  
t o  da te  have i n d i c a t e d  i t  i s  an adequate s o l u t i o n  w i t h  compatibl'e adherends. 
The f a i l u r e  o f  RTV adhesive bonds, a t t r i b u t e d  t o  "mudcracking" of 
t he  p r imer  a t  low temperatures, can be prevented through c a r e f u l  c o n t r o l  
of  t h e  p r imer  a p p l i c a t i o n .  The p r e f e r r e d  p r imer  a p p l i c a t i o n  i s  a  d i s -  
cont inuous f i l m  comprised o f  many smal l  do ts  as i l l u s t r a t e d  i n  F igu re  10.21. 
S ince t h i s  acceptable p r ime r  th ickness  range i s  q u i t e  narrow and d i f f i c u l t  
t o  measure, t h e  p r imer  a p p l i c a t i o n  i s  b e s t  made w i t h  c a l i b r a t e d ,  au to -  
ma t i c  spray equipment. 
So lven t  t h i n n i n g  o f  the  p r imer  f o r  a p p l i c a t i o n  by methods o t h e r  
than spray ing  and a t  l e a s t  one a l t e r n a t e  p r imer  have a l s o  been shown t o  
produce bonds which w i  11 s u r v i v e  low temperature thermal c y c l  i ng .  The 
success o f  these a1 t e r n a t e  methods i s ,  however, n o t  u n i  versa1 and i s  
dependent on t h e  na tu re  o f  t h e  aherend. 
The f o rego ing  e v a l u a t i o n  i n d i c a t e s  t h a t  w i t h  increased p r imer  t h i c k -  
ness c o n t r o l ,  and hum id i t y  and cure- t ime c o n t r o l ,  d u r i n g  c e l l s t a c k  p ro -  
duc t ion ,  t h i s  mode o f  f a i l u r e  can be e l i m i n a t e d  f o r  adhesive r e q u i r i n g  
pr imers ( i  . e. PR 1538 o r  RTV 51 9/577) ,  The on1 y cases where t he  ad- 
hes ive  bond f a i l e d  d e s p i t e  t he  use o f  an adhesive n o t  r e q u i r i n g  pr imers,  
was t h a t  where RTV 3l45 was used, A review s f  Tables 90.1 t o  70,3 shows 
t h a t  no adhesive bond f a i l u r e s  occurred w i t h  t he  use o f  unprimed WTV 778. 
Because ~f t h i s ,  an i n v e s t i g a t i ~ n  was conducted i n t o  how t h i s  p a r t i c u l a r  
adhesive i s  q u a l i t y  c o n t r o l  l e d  a t  t he  vendor (Bow Corn ing) ,  s i nce  i t  
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appeared possible t h a t  a " b a t c h - t o - b a t c h ' h v a r i a t i o n  m igh t  e x i s t  i n  the  
product .  T h i s  survey revea led  t h a t  each l o t  o f  adhesive m a t e r i a l  was 
sub jec ted  t o  a  r a t h e r  impress ive l i s t  o f  q u a l i t y  c o n t r o l  t e s t s  which i n -  
c luded an assessment o f  t h e  f o l l o w i n g  m a t e r i a l  p r o p e r t i e s :  
O Color  " E longa t ion  
" Ex t rus ion  r a t e  " T e n s i l e  S t reng th  
" Flow " D i e l e c t r i c  S t reng th  
" Cure Time " D i e l e c t r i c  Constant 
O Hardness " D i s s i p a t i o n  Fac to r  
" S p e c i f i c  G r a v i t y  " Vol ume Sens i t i v i  t y  
" Tear S t reng th  
A l l  these t e s t s  however, a r e  conducted a t  ambient cond i t i ons .  I n i t i a l l y ,  
i t  seemed reasonable t o  assume t h a t  t he  adhesive p r o p e r t i e s  a t  room 
temperature were t h e  same f rom ba tch  t o  batch, t h a t  they  would n o t  va ry  
s i g n i f i c a n t l y  f rom each o ther ,  a t  temperatures v a r y i n g  w i d e l y  f rom room 
temperature. For example, f l ow,  e x t r u s i o n  r a t e ,  and cure  t ime  would 
imp l y  t h a t  a l l  samples f e l l  w i t h i n  a  g iven  mo lecu la r  we igh t  range. The 
s p e c i f i c  g r a v i t y  t e s t  would c o n s t i t u t e  a  secondary check on f i  l l e r  con- 
t e n t ,  v o l a t i l e s ,  e t c .  However, TRW Systems has exper ienced d i f f i c u l t i e s  
i n  t h e  pas t  w i t h  t he  use o f  RTV 3145, i n  t h a t  i t  would n o t  meet t h e  ex- 
t r u s i o n  r a t e  s p e c i f i c a t i o n .  Dow Corning a t t r i b u t e d  t h i s  t o  entrapped 
a i r  (mo is t )  which cou ld  p e r m i t  some advancement o f  the  cure. I t  i s  
suspected t h a t  t h i s  i s  t he  probable cause o f  adhesive e x t r u s i o n  r a t e  
v a r i a t i o n  and perhaps the  ma jo r  c o n t r i b u t o r  t o  any l o t - t o - l o t  d i f f e rences .  
I n  a d d i t i o n ,  f rom t ime  t o  t ime, t he  occurrence o f  bubbles i n  the  ad- 
hes ive  bond l i n e s  has been experienced. A t h i r d  f a c t o r  which cou ld  be 
a f f e c t i n g  adhesive bond peel  s t r e n g t h  i s  outgassing. I t  has been found 
d u r i n g  t e s t s  conducted a t  NASA/MSFC t h a t  t he  we igh t  l o s s  exper ienced 
2 
w i t h  RTV 3145 d u r i n g  outgass ing t e s t s  was 0.3%/cm /h r .  Th i s  compares 
2 w i t h  the  a1 lowable we igh t  l o s s  (see Reference 7,3) o f  0,2%/cm /h r .  I t  
has been suggested by NASAIMSFC t h a t  i f  t h i s  adhesive i s  sub jec ted  t o  
a  100°C bake a t  loe6 torr f o r  a period o f  8 hours, t h a t  the acceptable 
2% we igh t  loss rate could be achieved. llswever, t h i s  could a l s o  con- 
s t i t u t e  another  element which migh t  c o n t r i b u t e  t o  some anomalous low 
temperature behavior .  A f o u r t h  f a c t o r  cou ld  be adhesive bend l i n e  t h i c k -  
ness and area, Whi l e i t  has been es tab l  i shed bo th  a n a l y t i c a l  l y  (Sec t ion  
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5) and t o  a degree experimentally ( S e c t i o n  1 0 , 3 , 9 )  t h a t  these adhesive 
d o t  geometric parameters do contribute t o  the spalling phenonenen, i t  i s  
also possible that  an adhesive bond fa i lure  could be masking a potentidl 
spalling f a i lu re  due to  the inadequacy of the adhesive bond strength i t -  
s e l f .  Finally, i t  has been found tha t  occasionally the s i l icon oxide 
(SiO) coating on zone-soldered c e l l s  separates from the back of the ce l l  
together with the adhesive dot. In th i s  case, the fa i led  SiO coating 
could be masking e i ther  an adhesive bond fa i lure  or a spalling fa i lure .  
I t  i s  interesting to  note that  for  the majority of c e l l s  (50 out of 51) 
subjected to  the post thermal-vacuum testing pull t e s t s ,  (see Tables 
10.4, 10.5, and 10.6) where RTV 3145 adhesive was used, a pull of 5 lbs .  
or  greater was required to  separate the ce l l s  from the substrate.  Since 
a1 7 these non-interconnected ce l l s  were mounted a t  the same time, th i s  
would seem t o  indicate a lack of homogenity within the individual adhesive 
batch used since nine ce l l s  in t h i s  region experienced an adhesive bond 
fa i lure .  This was fur ther  confirmed when an examination of fa i led  RTV 
3145 adhesive dots revealed a marked variation of material properties 
within an individual dot. For example, when examined a t  room temperature, 
portions of the dot were found to be quite e l a s t i c  and r e s i l i en t .  Other 
portions of the same dot were hard and quite b r i t t l e .  I t  appears evident 
that ,  despite the close environmental controls maintained during the cel l  
t o  substrate bonding operation (see Figure 10.23), that  variations in 
the consistency of individual batches of RTV 3145, as well as possible 
additional variations from batch-to-batch can lead t o  anomalous low tem- 
perature behavior of th i s  adhesive. By contrast ,  the other non-primed 
adhesive, i .e .  RTV-118, showed marked evidence of a much higher level 
of consistency with regard t o  i t s  adhesive bond strength (see Tables 
10.4, 10.5, and 10.6). Empirical manufacturing techniques on other pro- 
grams, with less  severe temperature extremes has undoubtedly contributed 
to the successful use of RTV 3145, However, currently there i s  insuff ic ient  
data available to  invoke any meaningful process controls fo r  t h i s  adhesive 
for  use down to  temperatures of -173°C for  long periods o f  time (14-75 
days during lunar night) ,  U n t i l  t h i s  i s  accomplished, the unprimed RTV- 
918 adhesive appears La be t h e  superlor candidate adhesive fo r  assuring 
maintenance of an adequate adhesive bond for lunar surface applications* 
Figure 10.23 Typi caS Temperature and Humidity 
Plot  o f  Module Assembly Room 
90.3.9 Eva lua t ion  o f  Phenomena ---- - E f f e c t s  o f  Thermal-Vacuum 
Tests 
Approximately 46 c e l l s  ou t  o f  a t o t a l  o f  1200 showed evidence of 
s p a l l i n g .  O f  t h e  t o t a l  o f  46 s p a l l e d  c e l l s ,  35 occur red  w i t h  RTV 3145, 
4 w i t h  RTV 118, and 7 w i t h  PR 1538). Th i s  smal l  number ( l e s s  than  4%) 
i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  a l l  f o u r  candidate adhesives were s e l e c t e d  
because they  e x h i b i t e d  a t t r a c t i v e  m a t e r i a l  p r o p e r t i e s  a t  low temperatures 
(see Tables 7.3, 7.4, and 7.5).  These were, reasonably  h i gh  va lues of  
u l t i m a t e  t e n s i l e  s t r eng th ,  and l a p  shear, and compara t i ve ly  low va lues  of  
modulus o f  e l a s t i c i t y  and c o e f f i c i e n t  o f  l i n e a r  expansion a t  -173°C 
(-279°F). For a1 1 these room temperature v u l c a n i z i n g  (RTV) adhesives, 
these p r o p e r t i e s  represen t  average va lues.  These p r o p e r t i e s  n o t  o n l y  
va ry  cons iderab ly  f rom ba tch  t o  batch, b u t  depending upon t h e  degree of 
mo i s tu re  and/or a i r  ent ra inment  d u r i n g  t h e  manufactur ing process, can 
vary  w i t h i n  a g i ven  batch. Some o f  these average va lues have been p l o t t e d  
as a f u n c t i o n  o f  adhesive temperature and a re  shown on F igures  10.24, 
10.25, and 10.26. With respec t  t o  t h e  s p a l l i n g  phenomena, t h e  adhesive 
modulus o f  e l a s t i c i t y  (E2) and the  l i n e a r  c o e f f i c i e n t  o f  expansion (a2)  
a r e  t h e  most s i g n i f i c a n t .  Furthermore, i t  i s  t he  low temperature proper-  
t i e s  ( i . e .  -100°C t o  -173"C), t h a t  c o n s t i t u t e  t he  c r i t i c a l  regime f o r  
t h e i r  s e l e c t i o n .  As may be noted f o r  t he  se lec ted  adhesives, t h e r e  i s  a 
cons iderab le  v a r i a t i o n  i n  these p r o p e r t i e s  w i t h i n  t h i s  temperature regime. 
These ranges a r e  l i s t e d  i n  Table 10.9. 
TABLE 10.9 CRITICAL LOW TEMPERATURE ADHESIVE PROPERTIES 
Ma te r i  a1 Proper ty  Range o f  Values f o r  Selected Adhesive 
o r  
Parameter 
1 E l a s t i c i t y ,  p s i  1 
a2' C o e f f i c i e n t  o f  6.0 x t o  28 x 3.0 x 1 0 - ~  t o  8.0 x 
L i n e a r  Expansion, 
I"n/ in/"C 
E2 a 2 ;  Adhesive 0,0006 to 0.925 0.114 t o  1.39 
Parameter [ ( I  b/ i n 
( in / in /OC) ]  
-- 
-300 -225 -150 -75 0 +75 
ADHESIVE SPECIMEN TEMPERATURE (OF) 
-280 -150 - lW -3 Q 
ADHESIVE SPECIMEN TEMPEMPURE ("c) 
Figure 10.24 Variation of Adhesive Tensile Strength as 
Function of Specimen Temperature 
F i g u r e  10*25  V a r i a t i o n  o f  Adhesive Modulus of  E l a s t i c i t y  
as Function o f  Specimen Temperature 
5 l o o  
-225 - 150 -75 0 
TEMPERATURE RANGE AVERAGE (OF) 
-200 -150 -1W -50 0 + 50 
TEMPEMPURE RANGE AVEMGE ("c) 
Figure 10.26 Variation of Adhesive Coefficient of Linear 
Expansion as Function o f  Average Temperature Range 
Based upon these values and t h e  paramet r i c  analyses conducted i n  
Sec t ion  5, s p a l l i n g  o f  t he  s i l i c o n  c e l l s  should n o t  occur .  Th i s  can a l s o  
be seen by r e f e r r i n g  t o  F igures  10.27 and 10.28, I n  a11 cases these va lues 
a re  below the  maximum a1 lowable values which cou ld  cause spa11 i n g .  Th i s  
i s  t r u e  f o r  t he  e n t i r e  adhesive th ickness  range i n v e s t i g a t e d  (0.005 i n .  
t o  0.020 i n . ) .  However, t h e r e  a r e  severa l  f a c t o r s  which cou ld  have l e a d  
t o  t he  s p a l l i n g  which d i d  occur  i n  t he  l i m i t e d  46 o u t  o f  1200 cases. The 
f i r s t  f a c t o r  i s  t h e  h i g h l y  l o c a l i z e d  e f f e c t  o f  maximum s t r e s s  peaking 
(see F igures 5.3 t o  5.6).  Th i s  suggests t h e  p o s s i b i l i t y  o f  even h i g h e r  
sur face  s t resses  a t  values l e s s  than 0.00017 inches f rom t h e  sur face of  
the  s i l i c o n  c e l l ,  Should t h i s  be t h e  case, then t he  maximum a l l o w a b l e  
va lues f o r  E2 and a2 shown on F igures  10.27 and 10.28 cou ld  be cons ide rab l y  
1  ower. 
A second f a c t o r  i s  t he  ex t reme ly  h i g h  s e n s i t i v i t y  o f  t h e  peak a x i a l  
and e f f e c t i v e  s t resses  t o  t he  adhesive modulus o f  e l a s t i c i t y  ( E 2 )  Th i s  
can be seen i n  F igures 5.5 and 5.7. Th is  i s  f u r t h e r  compounded by t h e  
f a c t  t h a t  t h r e e  of t h e  adhesives (RTV 3145, RTV 511/577, and RTV 118) 
have r a p i d l y  i n c r e a s i n g  values o f  E2 i n  t he  low temperature regime (F igu re  
10.25). I n  a d d i t i o n ,  s i nce  bo th  adhesive batch- to-batch and i n d i v i d u a l  
s i n g l e  ba tch  non-homogenity have been de tec ted  on prev ious programs, a  
h i g h  p r o b a b i l i t y  e x i s t s  t h a t  these  cou ld  c o n t r i b u t e  markedly t o  i n c r e a s -  
i n g  t he  low temperature E2 va lue  f o r  an i n d i v i d u a l  adhesive do t .  F i n a l l y ,  
d u r i n g  s imu la ted  l u n a r  sur face  thermal vacuum t e s t i n g ,  t he  adhesive i s  
sub jec ted  t o  bo th  e l eva ted  (120°C) and low (-173°C) temperatures f o r  l o n g  
per iods  of t ime  (up t o  28 hours)  and under hard vacuum t o r r ) .  Under 
these c o n d i t i o n s  outgass ing o f  a  p o r t i o n  o f  the  adhesive v o l a t i l e  con- 
s t i  tuen ts ,  as w e l l  as poss ib l e  phase changes i n  t h e  elastomers may occur .  
These c o n d i t i o n s  cou ld  a l s o  produce a change i n  t h e  adhesive modulus o f  
e l a s t i c i t y .  The assessment o f  a  l a r g e  s t a t i s t i c a l  sample o f  each o f  t he  
se lec ted  adhesives and under a  v a r i e t y  o f  l o n g  d u r a t i o n  environmental  
c o n d i t i o n s  was beyond the  scope o f  t h i s  program. However, f rom the  
analyses conducted and t h e  f a c t  t h a t  s p a l l i n g  d i d  occur i n  4% o f  t he  cases 
i nves t i ga ted ,  leads one t o  conclude t h a t  s i g n i f i c a n t  changes i n  t he  va lue  
o f  E2 cou ld  occur  a t  the  low temperatures t o  be expected on t h e  l u n a r  su r -  
f ace. 
SILICON CELL PROPERTIES 
El - 16.1 x lo6 PSI 
8 I I oms = ,woo PSI 
'2" ADHESIVE THICKNESS @NCHES) 
F igu re  10.27 Maximum All owable Value s f  Adhesive C o e f f i c i e n t  
o f  Expansion t o  Prevent  Spa1 1 i n g  (AT = -193°C) 
Q 
8 8 ,W5 0, Q I O  0,015 0,  mQ 
'2" ADHESIVE THiCKNESS (INCHES) 
F i g u r e  10.28 Maximum A1 l owab l  e Va lue o f  " E 2  C Y , ~ "  t o  P reven t  
S p a l l i n g  ( A T  = - 1 9 3 O C )  
A t h i r d  f ac to r  i s  the large  var ia t ion i n  the coef f i c ien t  sf l i nea r  
expansion ( F ~ g u r e  10.261,  a p ,  of  the selected adhesives. The assessment 
of the resu l t ing  maximum effec%ive s i l i con  s t r e s s  as a function of t h i s  
parameter (Figures 5.9 t o  5.12) not only indicates  a high s e n s i t i v i t y  t o  
t h i s  value, b u t ,  as can be seen from Figure 10.27, t o  the  adhesive dot  
thickness, t2,  as well.  The determination of the experimental values 
of a2 f o r  the various selected adhesives over the wide temperature range 
involved indicated var ia t ions  as high as 50:l from room temperature t o  
-173°F. In addit ion,  the accuracy of the determination of these values, 
pa r t i cu la r ly  in the low temperature regime i s  highly dependent upon ex- 
perimental technique and data reduction methods. Also, the inception 
of spa l l ing ,  may actual ly  occur a t  some temperature level higher than 
the minimum (-173OF) where the values of a2 are  considerably higher. 
Since f o r  a given adhesive thickness, t h e i r  i s  a maximum allowable value 
of the parameter,E2 a2,  and E 2  i s  increasing and a2 i s  decreasing a t  
d i f f e r en t  ra tes  with decreasing temperature, i t  i s  possible t o  exceed 
these allowable values during the cool-down process. 
Finally,  i t  was noted in Table 7.6 t h a t  there can be a considerable 
var ia t ion in the ult imate t en s i l e  s t rength  of s i l i con  c e l l s  ( a l )  The 
generally accepted room temperature value f o r  random crys ta l  or ienta t ion,  
zone-soldered, c e l l s  (Centralab) i s  19,000 ps i .  The equivalent value f o r  
the solder-di pped, preferred crys ta l  or ienta t ion ce l l  s (He1 i otek) i s  
28,000 ps i .  In conduc.ting t h i s  spal l ing evaluation, the lower value was 
u t i l i z ed  t o  be conservative. However, because of t h i s  big difference in 
'7' apparently based upon crys ta l  or ienta t ion,  i t  gives r i s e  t o  the addi- 
t ional  poss ib i l i ty  t ha t  the s i  1 icon ce l l  surface f in i sh  and potential  
micro-cracks in  t h i s  surface generated by the manufacturing process could 
contribute t o  a marked reduction in  ol . For example, i t  was noted d u r -  
i ng  an ea r l  i e r  program (Wes t i  nghouse Corporati on) t ha t  there was several 
orders of magnitude l e s s  surface dis locat ions  in poiycrystai 1 ine ,  
dendr i t i c  c e l l s  grown in the super-pure region of the s i l i con  melt.  This 
i s  in  sharp contras t  t o  the typical scratched surfaces obtained with 
random and preferred or ienta t ion s ing le  c rys ta l s  grown and sawed-off from 
the Czochralski grown i n g o t ,  Furthermore, an assessment s f  the 46 spalled 
s i l i con  c e l l s  revealed t ha t  approximately 76% of these f a i l u r e s  occurred 
i n  the regions where e i t he r  the random crys ta l  oriented 2 cm x 2 cm o r  
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2 cm x 4 cm c e l l s  were used, These c e i i s  were a i l  cunsjdeved t o  have t h e  
l o w e r  value of  19,000 psi: as t he i r  ul t i rnate  tensile s"creng"ch, In adds'- 
t i o n ,  many o f  the as manufactured ? cm x 4 cm cells had a 0,090 i n c h  bow 
i n  t h e  4 cm l eng th .  Upon f u r t h e r  i n v e s t i g a t i o n ,  i t  was determined t h a t  
t o  e l i m i n a t e  an a l l i g a t o r i n g  problem w i t h  these 2 cm x  4 cm c e l l s ,  i t  was 
found necessary t o  squeegee away t h e  excess s o l d e r  on these so lder -d ipped  
c e l l s .  Th is  o p e r a t i o n  would tend  t o  f l a t t e n  these s l i g h t l y  bowed c e l l s  
and c o u l d  produce m ic ro - c rack i ng  o f  t h e  under-sur face.  The occurrence of 
these micro-cracks cou ld  c r e a t e  s t r e s s  concen t ra t i on  r eg ions  i n  t h e  s i l i c o n  
c e l l  su r f ace  and p robab ly  would r e s u l t  i n  cons iderab ly  r educ ing  i t s  u l t i m a t e  
t e n s i l e  s t r eng th .  I n  a d d i t i o n ,  t h e  maximum e f f e c t i v e  s t resses  i n  t h e  
s i l i c o n  were c a l c u l a t e d  a t  a  l e v e l  0.00017 inches f rom the  a d h e s i v e / s i l i c o n  
c e l l  i n t e r f a c e  (see F igu re  5 . 5 ) .  The paramet r i c  da ta  p l o t t e d  i n  F igures 
5.9 t o  5.13 was based upon these maximum e f f e c t i v e  s t resses .  However, i t  
i s  known t h a t  even h i g h e r  s t resses  would r e s u l t  a t  l e v e l s  i n  t h e  s i l i c o n  
su r f ace  l e s s  than 0.00017. By e x t r a p o l a t i n g  t he  da ta  f rom F igu re  5.4, i t  
can be seen on F igu re  10.29, t h a t  t h e o r e t i c a l l y  s t resses  as h i g h  as 
300,000 p s i  cou ld  occur  a t  a  l e v e l  o f  0,00001 inches i n t o  t h e  su r f ace  o f  
t he  s i l i c o n  c e l l .  Since, t h e  s i l i c o n  m a t e r i a l  i s  n o t  capable o f  sus ta i n -  
i n g  such h i g h  s t resses ,  t h e  n e t  r e s u l t  i s  t o  lower  t h e  a l l owab le  maximum 
va lues f o r  t h e  adhesive modulus o f  e l a s t i c i t y  ( E 2 )  and c o e f f i c i e n t  of 
l i n e a r  expansion ( a 2 )  Hence, i f  bo th  o f  these f a c t o r s  a re  cons idered,  
t h e  preponderence o f  s p a l l i n g  f a i l u r e s  w i t h  t he  2 cm x  4 cm s i l i c o n  c e l l s  
( i  .e. l ower  u l t i m a t e  t e n s i l e  s t r e n g t h  m a t e r i a l  and su r f ace  mic ro -c racks )  
can be exp la ined .  An a d d i t i o n a l  f a c t o r  which a1 so p robab ly  c o n t r i b u t e d  
t o  these s p a l l i n g  f a i l u r e s  was t he  average th ickness  of  t h e  adhesive d o t  
used w i t h  t h e  2  cm x  4 cm c e l l s .  S ince an ove r l ap  des ign was u t i l i z e d ,  
these adhesive do ts  were t r apezo ida l  i n  c ross -sec t ion .  The maximum 
th i ckness  o f  these do t s  v a r i e d  f rom 0.025 i n ,  t o  s l i g h t l y  over  0.030 i n .  
The minimum th icknesses v a r i e d  f rom 0.092 i n .  t o  0.020 i n .  The range 
of va lues f o r  the  s p a l l e d  2  em x 2  cm c e l l s  (0,090 i n .  t o  0.030 i n . )  were 
a l s o  on t h e  h i g h  s i d e ,  The e f f e c t  o f  t hese  la rge  adhesive th i cknesses  i s  
t o  increase the  maximum silicon stress  (F igure  5-13) and t o  decrease t he  
maximuni allowable values o f  t i l e  adhesive L2 dnd a (figures 10.27 and  2 
70,28),  
I n  v iew  of the foregoing, i t  appears evident, t h a t  fo r  lunar surface 
applications, where solar array temperatures as low as -173°C can be ex- 
perienced, increased care must be taken in the design of the array c e l l -  
stack. While i t  i s  beyond the scope of th i s  current program phase to  
establish detailed design c r i t e r i a ,  since additional analyses and test ing 
would be required, certain general recommendations can be made a t  t h i s  time. 
These are as follows: 
(a )  The adhesive selected should have as low a value of modulus 
of e l a s t i c i ty  ( E 2 )  a t  low temperature (-173OC) as possible. 
Because of possible "batch-to-batch" differences, and potential 
lack of homogenity within an individual batch, improved manu- 
facturing process techniques and quality control procedures 
should be inst i tuted for  adhesives to  be used for  the low tem- 
peratures to  be experienced on the lunar surface. For large 
area arrays, a sampling and material property test ing control 
process should be in i t ia ted  to  insure that  the low temperature 
property of E2 of the adhesive i s  being maintained by the 
suppl i e r .  
( b )  The adhesive selected should have as low a value of coefficient 
of l inear  expansion (a2)  a t  low temperature (-173OC) as possible. 
However, because of the c r i t i c a l i t y  of the "E2  a2' parameter 
with regard to  spalling, and the rapid changing of the adhesive 
properties E 2  and ap with reduced temperatures, i t  may be 
important to select  an adhesive whose 'E2 a2" values stay be- 
low a maximum allowable value as the temperature i s  being re- 
duced. In addition, similar to  that  stated for  E2,  improved 
process control and sampling techniques should be inst i tuted 
to  insure adequate quality control of th i s  parameter. 
( c )  Both the analytical and t e s t  data confirm the des i rab i l i ty  of 
ut i  1 i z i  ng minimum adhesive thicknesses ( tp)  to prevent spa1 1 - 
ing. For lunar surface applications a nominal thickness of 
0.005 inches i s  preferred, Thus i f  a r e a l i s t i c  manufacturing 
tolerance of + -- 0,002 inches i s  a l lowed,  an adhesive d o t  t h i c k -  
ness range of 0,003 i n ,  t o  0,007 in,  would resu l t ,  By utilizing 
t h i s  range of thicknesses, increased design margins resul t  with 
regard to the selection and  achievement sf t he  Saw temperature 
adhesive E2 and properties. In selecting these low adhesive 2 
thickness values, i t  s h o u l d  be recognized that  th i s  may preclude 
the use of a high packing factor overlap cellstack design. The 
l a t t e r  design usually requires a thicker adhesive dot due to  
geometric considerations and in some instances to  allow clearance 
space for  interconnect expansion loops. 
( d )  The use of si l icon ce l l s  with as high an ultimate tens i le  strength 
( o l )  as possible should be considered. This would imply that  the 
preferred crystal orientation sil icon cell  with a ol value of 
approximately 28,000 psi should be ut i l ized for  lunar surface 
applications. In addition, the adhesive/silicon cell  surface 
of the ce l l s  should be as f ree from scratches and surface dis-  
locations as i s  possible. I t  i s  recognized that  both these re- 
quirements could resu l t  in increased s i l icon cell  cost. However, 
t h i s  must be traded off against the gains achievable in cel l -  
stack design margins and increased r e l i ab i l i t y .  In addition, 
i f  2 cm x 4 cm or larger si l icon ce l l s  are ut i l ized,  extreme 
care must be taken to avoid producing micro-cracks in the cell  
bonding surface. Minimization or elimination of cell  bowing 
during i t s  manufacture would be the desired approach. However, 
i f  th i s  i s  not practical,  then considerable care must be taken 
during the cell  manufacturing operation ( i  .e. surplus solder 
squeegeeing) to avoid excessive flattening of bowed cell  s which 
could produce micro-cracks. 
(e )  A review of the coefficients of 1 inear expansion for  the various 
substrates indicates that  the graphite composite facesheet used 
on ETM IIIA more nearly matches the same si l icon cell  property 
a t  low temperatures (see Table 7 . 6 ) .  This, when coupled with 
the t e s t  resul ts  tha t  only one cell  o u t  of 400 spalled on th is  
configuration (see Table 10 ,3 ) ,  would appear to  indicate the de- 
s i rabi l  i t y  of u s i n g  t h i s  material (or a O/+ - 60 orientation type 
which provides i s o t r o p i c  properties i n  the plane of the  face- 
sheet) for  lunar surface app l  ications, However, the benefits 
derived from th i s  material property must be traded off with re- 
regard t o  other factors ,  For example, the graphite composite i s  
e l ec t r i c a l  7y conductive and d d i e l e c t r i c  coating o r  material 
such as Kapton must be placed between the s i l i con  c e l l s  and 
i t s e l f  t o  prevent poss ib le  shorting. Seccjiidly, the power t o  
weight r a t i o  of the ETM I11 module as developed during Phase I 1  
of t h i s  program was 15.5 watts11 b (34.1 watts/Kg) as indicated 
in Table 2 . 2  of Reference 1 .2 .  This must be compared with 
16.7 watts11 b (37.0 watts/Kg) f o r  the f ibe rg lass  epoxy l a t t i c e  
design (ETM I )  and 21.4 wat t s l lb  (47.2 watts/Kg) f o r  the Kapton 
subst ra te  design (ETM If 1. In addit ion,  where so l a r  ar ray 
stowage height may be c r i t i c a l ,  the Kapton subst ra te  module 
thickness i s  approximately 0.025 inches while the minimum 
graphite composite module design would be 0.272 inches. Finally,  
i f  the array i s  t o  be subjected t o  mu1 t i p l e  deployment and re-  
t rac t ion operations,  the lower spec i f i c  weight Kapton subst ra te  
design may r e su l t  in a l i g h t e r  and simpler deployment mechanism 
in the 1 /6  g environment t ha t  e x i s t s .  Thus, a l l  these f ac to r s ,  
as we11 as minimization of spa l l ing ,  must be taken in to  con- 
s idera t ion when the se lect ion of a candidate subst ra te  design 
i s  being considered f o r  a lunar surface appl i  cat ion.  
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APPENDIX A 
THERMAL STRESS ANALYSIS  FOR SUB-MODULE 
COMMON INTERCONNECTS 
A thermal s t ress  analysis was performed on the common interconnects 
of the Lunar-Based Solar Array Test Model. The analytical resul ts  indi- 
cated that the design of the solar array t e s t  model i s  such that the 
common interconnects will experience no thermal s t ress  resulting from 
different  coefficients of thermal expansion over the temperature range 
from 75°F (24°C) t o  -280°F (-173°C). 
DISCUSSION: 
The purpose of th is  simplified analysis was t o  determine whether or 
n o t  the design of the common interconnects (Figure 4.13) are thermally 
adequate when they are subjected to  a temperature range of 75°F (24°C) 
t o  -280°F (-173°C). I n  performing the analysis, the basic assumption was 
that  the whole solar array i s  isothermal a t  any time. Hence, thermal 
s t ress  caused by temperature gradients in the solar array were not in- 
vestigated. Furthermore, the following simplifying assumptions were 
made : 
a )  The distance between the center-1 ines of the cell  s  i s  fixed. 
b )  The cover glass and the cell  expand or contract as one body 
with the coefficient of thermal expansion of the c e l l .  
c )  The interconnect and the cell  a t  the solder joint  expand or 
contract with the coefficient of thermal expansion of the 
cell  . 
d )  The assumed values of coefficients of thermal expansion of 
the cell  ( s i l icon)  and the comon interconnect (Kovar) are 
shown on Page A - 1 .  
No thermal s t ress  analysis was performed on the bus bars. Based 
on  the resul ts  of th is  analysis on the common interconnects, i t  appears 
that the sections of the bus bars where expansion/contraction loops a re  
provided will experience no thermal s t ress  resulting from different  co- 
e f f ic ien ts  of thermal expansion over the temperature range from 75°F 
(24°C) to -280°F ( - 1  73°C)- However, the sections where expansion/con- 
traction loops  are  n o t  p r o v i d e d  may experience thern~al s t ress .  T h i s  was 
t o  be determined d u r i n g  thermaf-vacuum t e s t i ng .  
Interconnect: 
Material i s  Kavar. 
a = 2.26 x i n / i n  - O F  a t  O°F, o r  4.06 x i n / i n  -"C -17.g°C 
a = 1.88 x loe6  i n / i n  - O F  a t  -320°F, or 3.38 x i n / i n  - O C  a t  -195.5OC 
Ce l l  : 
Ma te r i a l  i s  S i  1 i con .  
a = 3.0 x i n / i n  -"C a t  70°C t o  0°C 
a = 1.7  x lom6 i n / i n  -"C a t  -100°C 
a = 0 (no change) a t  -170°C 
NOTE: Values of a are obta ined from G. R. Luckey (Adv. Systems Design) 
-308 -200 -1 80 0 1 00 
T, TEMPERATURE, 'C 
Figure 8-9 
A-2 

Assumptions : 
1 .  Distance between center-lines of ee99s are fixed. 
2.  Cover glass and cell and adhesive expand or contract with a 
of the ce l l .  
3. Interconnect and cell  a t  solder joint  expand or contract w i t h  
a of the cell  . 
I I 
OVAR INTERCONNECT 
SOLDER JOINT SILICON CELL 
Figure A-3 
I f  b '/ L ~ o v a r f 9  s t ress  = 0 
K o v a r ~ l  1 ow 
- (3)  a L ~ i  I con L ~ i  I iconi ' ~ i  I i  con A T  = .4005 aSi l icon  AT 
L ~ o v a r i  = 2 (.010 x ) + ,1125 +- .015 = . I589 in. 
From the curves, values s f  a are obtained: 
7- ( O C )  C1 S i l  i c o n  ( i n / i n  - " C )  
0 2.9 x 
-100 1.7 x 
-1 73 0 
a Kovar ( i n / i n  - " C )  
4.14 x 
3.75 x l o m 6  
3.47 x 
From E q e  (31, ALSilicon = ,4005 x 2.9 x l o T 6  (24 - 0 )  = .0000279 i n .  
From Eq, ( I ) ,  L = 2 J ( .010)~  + ( .0150279)~  + ,1175 - 2 x ,0000279 
Kovar~l 1 ow 
= ,153658 i n .  
0.9999006 
= ,1589 [I - 4.14 x (24 - O)] 
= ,158884 i n .  
T = - l O O ° C :  
AL~i I i c o n  = .4005 x 1 .7 x 1 o - ~  (24 x 100) = .0000843 i n .  
= .I58826 i n .  
A L ~ i  1 i con = ,4005 x 0 x (24 + 173) = O.in. 
L 
K o v a r ~ l  1 ow 
= .I53556 in .  
= .I58791 i n .  
SOLDER JOINT KQVAR INTERCONNECT 
I 
SILICON CELL 
5 
Figure A-4 
For d e t a i l  dimensions, see page 2. 
I f  L >' L ~ o v a r f  , s t ress  = 0 
Kovar~l 1 ow 
L ~ i  1 i con  = [2(.797/2) + .010] - 2 [ . I09  - (.030 + .0125)] 
= .8070 - . I330 = ,6740 i n .  
- a (6 )  AL~iI icon  L~i l  iconi S i l i c o n  AT = ,6740 asi icon AT 
$05024 
L ~ o v a r i  = 2 (Arc Length + .062) - 2 (.030 + 01 25) 
= .22448 - .085 = .I3948 i n .  
- 1 
0 = sin = s i n  -587 = 36" 
-080 
Arc Length = Ro = .080 x 36" x 360 "" = -05024 
F I  GURE A-5 
4-7 
T = 0 'C: 
From E q .  ( 6 )  : nLSi icon = .6740 x 2 .9  x lom6 (24 - 0 )  = .000047 i n .  
From E q .  ( 4 )  : L = .I330 + .000047 =.I33047 i n .  
K o v a r ~ l  1 ow 
.9999006 
From E q .  (5) :  LKovarf = .I3948 [1 - 4.14 x (24 - O)] 
= .I39466 i n .  
> L 0 .  k .  L ~ o v a r f  K o v a r ~ l  1 ow 
T = -100°C: A L ~ i  1 icon = .6740 x 1.7  x low6  (24 + 100) = .000141 in .  
L = .I330 + ,000147 = .I33141 in .  
K o v a r ~ l  1 OW . 999535_6 
L Kovarf = .I3948 [1 - 3.75 x 10 (24 - l oo ) ]  
= .I39415 i n .  
L = ,1330 + 0.  = .I330 i n .  
K o v a r ~ l  1 ow 
.999316 
L ~ o v a r f  = ,13948 [I - 3.47 x (24 - 173)] 
= .I39385 in .  
y--- SOLDER JOINT --- C<O\J4R INPEKCONbJECT 
Figure A-6 
For d e t a i l  d imensions ,  s e e  page 2 ,  
( 7 )  L - - - - 
K o v a r ~ l  1  ow L ~ i  1  i  conf ' s i l i c o n i  ( I  - d S i l i c o n  T )  
' ~ i l  i con i  = 2 [ . I 0 9  - ( .030  -+ .0125)]  = . I330  i n .  
( 5 )  'Kovarf = . I3948 (1 - oKovar  AT) 
I f  L > /  L , s t r e s s  = 0  Kovarf K o v a r ~ l  1  ow 
L ~ o v a r f  a r e  ob ta ined  from t h e  previous  page. 
0e9999304-6 
T = 0°C: L = . I330  [ l  - 2 .9  x 10 (24 - O ) ]  = . I32991 in 
K o v a r ~ l  1  ow 
L Kovarf = . I39466 i n .  
T  = - 100°C: L = ,1330 [ l  - 1 . 7  x (24 t l o o ) ]  = . I32972 i n .  
K o v a r ~ l  1  ow 
' ~ o v a r ~  = ,13941 5 i n .  L K o v a r f  L 
r ~ l  1 ow o .  k .  
T = - 173°C: L = . I330 [ I  - 0 (24 + 173) ]  = . I330 i n .  
K O v a r ~ l  1 ow 
' ~ o v a r ~  
= -139385 i n .  1 KoVar t<cvar 0 . h .  1'7 i 
APPENDIX  B 
T E S T  CURVES FROM X - Y  PLOTTER 
FOR 
D E T E R M I N A T I O N  OF C O E F F I C I E N T  OF EXPANSION 
FOR 
FOUR CANDIDATE A D H E S I V E  M A T E R I A L S  
SUMMARY 
The accompanying curves included i n  t h i s  appendix, ( l iyures  L-I, 6-2, 
B-3 ,  and B - 4 )  depict  the experimental data as d l r ec t l y  obtained f t -3 i11 tt;e 
X - Y  p l o t t e r .  This data was used in the determination of the coef f i c ien t s  
of l i nea r  expansion fo r  the four candidate ce l l - to - subs t ra te  adhesives 
used in t h i s  program. This data was reduced and incorporated ~ n t o  F~qu re s  
7.11 t o  7.14 of Section 7 .  The values l i s t e d  in Table 7.3 of  t h a t  section 
were obtained from Figures 7.11 t o  7.14 by determining the average slope 
to  these curves ( f o r  b o t h  Run No. 1 and 2 )  in the temperature regions des- 
ignated. The var ia t ions  in the chilldown curve and the warm-up curve i s  
a  measure of the hysteresis  in the t e s t  set-up. The slopes of the warm- 
u p  curves were used t o  determine the values in Table 7 . 3 .  


-r 
ua 
0 
9 
Z 
- 
or: 
I 
V) 
n 
or: 
I 
V) 
z -0.02 
2 -
- 8 8 ' ~  - 5 6 ' ~  
TEMPERATURE 
- 8 8 ' ~  TEMPERATURE -56'~ 
Figure B-3 
B-4 


APPENDIX C 
DYNAMIC AND THERMAL A N A L Y S I S  FOR 
PRE-STRESSED F IBERGLASS DIAPHRAM 
FOR ENGINEERING TEST MODEL ETM 1 A  
LUNAR BASED SOLAR ARRAY 
PRE-STRESSED FIBERGLASS SHEEP 
Natural Frequency Estimate f o r  Pre-Stressed Fiberglass Diaphram 
LB T = 20.4- IN.  
Figure C-1 
l b '  - ,00064 - w =0.008 (.080 -3 I b m 2  d i s t  w t .  i n .  i n .  
2 -6 16.-sec. 2 
= ( .64 x lom3 ib. ) / (.386 x lo3 in/sec ) = 1.66 x 10 
i n .  2 i n .  3 
Reference Sokonikoff and Redheffer, "Mathematics of Physics and Modern 
Engi neeri ng , " Pg . 477 
C1 f =  - (  2 a > ; r =  
- 
- 1 b . / i n  j 2 3 I b-sec / i n  
NOTE: F l ex ib i l i t y  of s ide  beams, which reduces the pretension, has not 
been i ncl uded. 
Deflection Check 
= 0.013 ( T ~ t a l )  / ,0065 per s ide  
T =: 4 ( 1 4  - - 7 5  ) = 0.0570 i n .  4 
!.. -.. .316 - .  . . 
.684 
Beam f l e x i b i l i t y  w i l l  a l l o w  low- tens ion  membrane v i b r a t i o n  i n  four  
t r i a n g u l a r  bugs bounded by t h e  s i d e s  and d i a g o n a i s  
PRETENSIONED 
DIAGONALS 
AND SIDES 
LOW TENSION 
TRIANGULAR BAYS 
Coef f i c i en t  of Exp. Figure C-2 r - ---- 1.5  x  in/in/"C Crosswise Fiberglass 1 I 
1.0 x lom5 in / inI0C Lengthwise 
13.0 x  loe6  in/in/OF Aluminum 
Temp. Range +130°C t o  -173OC 
266°F t o  -279.4"F 
Assume Room Temp = 70°F o r  21.1°C = t o  
6 = a1 ( t - t o )  
= (4-21. 1°C t o  +1 30°C) 6 g ~  a s s  
A t  = 130 -21.1 = 108.9' 
6 = (1.5 x  l om5)  (20) (108.9) 
91 = .03267 
---- 
'91 ass  = (4-21.1 'C t o  -1 73OC 
A t  = -173 -21.1 = 194.1' 
6 9 1 
= (1.5 (20)  (-191.1) 
= -.05733 
'a1 urn = (+70°F t o  +266OF) 
AL = 266 -70 = 196' 
6 - 
a 1 = (13 x (20 )  (196)  
= .05096 
um 
= (+70°F t o  -279,4'F) 
a t  = 279.4 -70 = 349.4" 
= (13 x (20) (-349.4) 
"I 
-.09084 
Figure C-4 
D i  f f e r e n c e  i n  Total  Cont rac t ion  O.(ICiS -- A 
between F i b e r g l a s s  and Aluminum i s  ,091 - .057 = .034 
Figure C-5 
- 
408 - 20.4# P r e t e n s i o n  p e r  Lineal  Inch = 
- -- 
--- 
Total  ~a f o r  F i b e r g l a s s  = .090 
s =  P= 
A lo80 = 10800 ps i  T 
F = 45,000 ps i  
a1 lowable 
- 
Total  na f o r  Alum. = .051 + .091 = ,142 
= 33400 ps i  
F = 36000 ps i  
a1 1 owabl e 
Figure C-6 
APPENDIX D 
TEMPERATURE REDUCTION 
CONCEPT I N V E S T I G A T I O N  
RECOMMENDATIONS 
Hjclher l una r  based solar array perfnrmanc. p e r  ur t i - t  we igh t  hinges on 
the temperature reduc ing  schemes o u t l i n e d  i n  t h e  Phase I 1  r e p o r t  (Ref. 1 ,2 )  
o f  t h i s  program- S p e c i f i c  proposals  For f u t u r e  development a e t i v i  ti es are 
summarized below: 
1.0 Op t im i za t i on  o f  t h e  "RoofN M i r r o r  Concept 
The a n a l y t i c a l  o p t i m i z a t i o n  o f  t h e  " r o o f "  m i r r o r  concept i n c l u d e s  t he  
i n v e s t i g a t i o n  o f  a r r a y  performance as a  f u n c t i o n  o f  m i r r o r  geometry, s i ze ,  
and type.  As p a r t  o f  t h e  study, paramet r i c  r e l a t i o n s  a re  r e q u i r e d  t o  i n -  
d i c a t e  s o l a r  a r r a y  performance as a  f u n c t i o n  o f  we igh t  and cos t .  (See 
F igures  D-1 and D-2 f o r  genera l i zed  performance curves) .  
P a r t i  c u l  a r  " r o o f "  geometr ies which should be analyzed i n c l u d e  t h e  f 1  a t  
r o o f  concept, t h e  r i p p l e d  r o o f  concept, and t he  V-shaped r o o f  concept.  
These concepts, i l l u s t r a t e d  i n  F i g u r e  D-3, should a l s o  be s t u d i e d  w i t h  
r espec t  t o  u s i n g  d i f f e r e n t  types o f  second-surface m i r r o r s  i n  o r d e r  t o  
i n v e s t i g a t e  t h e  cos t -e f f ec t i veness  o f  each idea,  
A t y p i c a l  second-surface m i r r o r  source c o n t r o l  s p e c i f i c a t i o n  i s  1  i sted  
below i n  an e f f o r t  t o  i l l u s t r a t e  some o f  t he  s p e c i f i c  requi rements f o r  the  
m i r r o r e d  sur faces:  
0 
(1  ) Coat ing s h a l l  be 550 t o  1000 A  o f  vacuum depos i ted  s i l v e r  over-  
coated w i t h  300 t o  600 A  o f  vacuum depos i ted  incone l .  S p e c i f i c a t i o n s :  
( 2 )  Vacuum m e t a l i  zed sur face  s h a l l  pass the  f o l  l ow ing  tape t e s t :  
Us ing a  l e n g t h  o f  112- in .  wide tape (sco tch  brand 610 o r  250) ; app ly  t he  
untouched s t i c k y  sur face  o f  one end t o  t he  incone l  su r face  o f  t h e  m i r r o r  
l e a v i n g  t h e  o t h e r  end f r e e .  The a p p l i e d  tape s h a l l  be s e t  by f i r m l y  rub-  
b i n g  t he  back w i t h  a  f i n g e r .  Ho ld ing  t h e  m i r r o r  so i t  w i l l  n o t  break,  p u l l  
on t he  unapp l ied  end o f  t h e  tape a t  an angle approx imate ly  pe rpend i cu la r  t o  
t h e  m i r r o r  su r face .  A t  a measured f o r c e  o f  between 6 and 8 ounces, t h e  
metal  c o a t i n g  s h a l l  show no v i s u a l  evidence o f  separa t ion  o f  t h e  i n c o n e l  
f rom t h e  s i l v e r  su r face  o r  o f  the  s i l v e r  f rom t h e  g lass sur face .  
(3 )  So la r  absorptance sha l l  be 0-09 or l e s s ,  
( 4 )  Ver i f ica t ion  o f  so la r  absorptance t o  be accomplished on one p a r t  
from each ba tch  a t  t i m e  o f  r e c e i p t  a t  TRW Systems. Supp l i e r  c e r t i f i c a t i o n  
f o r  t h i s  p rope r t y  i s  n o t  r equ i red .  
I 
TOTAL SYSTEM WEIGHT 
Figure D-1 General i zed Conceptual Sol a r  Array Performance as a 
Function of Total System Weight 
TOTAL SYSTEM COST 
Figure  D-2 G e n e r a l i z e d  Conceptual S o l a r  Array  Performance a s  a 
Funct ion o f  To ta l  System Cos t  
D-2 
SECOND SURFACE MIRRORS 
FLAT ROOF 
SOLAR ARRAYS 
LUNAR SOlL 
SECOND SURFACE MIRRORS 
RIPPLED ROOF 
SOLAR ARRAYS 
LUNAR SOlL 
SECOND SURFACE MIRRORS 
Figure D-3 "Roof" Type Concepts for Thermal Control f o r  
Lunar S u r f a c e  Lean-to Sol ar Array C o n f i g u r a t i o n  
( 5 )  Glass s h a l l  be Dow C o r n i n g  microsheet , 0,0051 t o  8,0063 inches 
th ick,  (9 ) 
(6) The s i l v e r  and inconel coatings shal l  be continuous and have a 
br ight ,  specular ,  mirror-l ike,  smooth uniform appearance. The s i l v e r  
coating shall  exhibi t  a uniform s i l v e r  color f r e e  from observable color  
change. 
( 7 )  Optical Propert ies Test (Face): The ref lec tance from the  face 
(primari ly from the s i l v e r  surface plus some contribution from the g lass )  
shall  conform t o  the t ab le  below. Reflectance shal l  be measured a t  an 
angle of 30" o r  l e s s  from the normal and black paper shal l  be placed be- 
hind samples during measurement. Measurements shal l  be made with a 
spectrophotometer capable of measuring spectral  ref lec tance t o  within 
+ 0.05 between 0.3 and 0.4 microns and + .O1 from 0.4 t o  1.0 microns. 
- 
Ref1 ectance Requi rements 
Wavelength-Microns Minimum Reflectance - % 
(Fai lure  t o  meet a l l  of the requirements of the above t ab le  
shal l  be cause f o r  re jec t ion only i f  the to ta l  integrated 
so la r  reflectance i s  l e s s  than 92%) 
NOTE: (1 ) Possible source of supply Corning Glass Works, Corning, N. Y .  
2.0 Optimization of the Array Mirror Concept 
This temperature reducing scheme proposes.the placement of second- 
surface mirrors s ide  by s ide  with so l a r  c e l l s  in  the plane of the so l a r  
array.  Analysis of the concept should spec i f i ca l ly  predict  increased 
array performance with l a rger  mirror radia t ing areas.  Total system 
weight and to ta l  system cost  as re la ted  t o  e l e c t r i c a l  output should again 
be p r e s e n t e d  in the format o f  Figures D-4 and  D-2, Also included i n  the 
a n a l y s i s  s h o u l d  be t he  temperature b e h a v i o r  (and power o u t p u t )  o f  the  so la r  
a r r a y s  as re la ted  t o  v a r i o u s  mirrored sur faces ,  
3.0 I n v e s t  
As s t a t e d  i n  the  Phase I1  r e p o r t ,  (Reference I . 2 )  t he  use o f  cornplex 
m i r r o r  sur faces p laced on t he  l u n a r  sur face  near the  base o f  t h e  scls: 
a r r a y  l ean - to  would s i g n i f i c a n t l y  reduce a r r a y  temperatures. 
Because q f  t h e  u n c e r t a i n i t y  o f  complex m i r r o r  su r f ace  analyses, i t  
i s  recommended t h a t  l a b o r a t o r y  i n v e s t i g a t i o n s  be conducted o f  the  candidate 
sur faces i n  con junc t i on  w i t h  t h e  thermal ana l ys i s .  These i n v e s t i g a t i o n s  
would determine t he  s p e c t r a l  behav io r  of severa l  complex sur faces  w i t h  
r espec t  t o  s o l a r  a r r a y  temperatures w h i l e  t h e  ana l ys i s  would determine t he  
optimum surface s i z e  and o v e r a l l  cos t ,  The general  t ype  o f  su r f ace  under 
i n v e s t i g a t i o n  would be cons t ruc ted  o f  my la r  o r  aluminum f o i l ,  formed i n  
such a f ash ion  as t o  p resen t  a  sawtooth cross sec t ion .  Sur face coa t i ngs  
t o  be i n v e s t i g a t e d  would i n c l  ude vacuum depos i ted  a1 umi num, z i n c  ox ide  
p a i n t s  and o r d i n a r y  w h i t e  o rgan i c  p a i n t s .  
4.0 F i n a l  Design 
Based upon t he  r e s u l t s  o f  t h i s  exper imental  and a n a l y t i c a l  program, 
the  b e s t  parameters f r om each temperature reduc ing  method would be com- 
b ined  i n t o  a  f i n a l  s o l a r  a r r a y  l e a n - t o  design. The combinat ion o f  con- 
cepts  should have a p o s i t i v e  s y n e r g i s t i c  response on s o l a r  a r r a y  ou tpu t ,  
and t h e  performance t o  we igh t  r a t i o  would be s i g n i f i c a n t l y  improved over  
t he  p resen t  unmodi f ied a r r a y  l e a n - t o  concept. 
